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CHAPTERI 

INTRODUCTION 

1.1 Oxidation and Oxidative Sfress 

Recent advances in plant biotechnology provide scientists with the opportunity to 

alter crops to meet the needs of society. Research reported in this thesis is the 

preliminary result of an attempt to genetically engineer plants to resist oxidative stress. 

Both plants and animals use oxygen as an electron acceptor in oxidative 

phosphorylation, reducing oxygen to water. Plants also produce oxygen by oxidizing 

water to provide elecfrons for photosynthesis. The oxidation of water to oxygen during 

photosynthesis, which requires the transfer of four electrons per oxygen molecule 

produced, is completed in a single step. Therefore, no reactive oxygen intermediates are 

produced. High light raises the potential energy of the elecfrons in the photosynthetic 

pathway, providing reducing power for the elecfron transport chain (reviewed in Bowler 

et al., 1992). Reactive oxygen intermediates such as superoxide (-02'), hydrogen 

peroxide (H2O2), and the hydroxyl radical (-OH) are produced when the plant cannot 

utilize this energy by productive means (such as storing the energy of the elecfrons by 

using them to produce carbohydrates). The plant must drain the electrons non-

productively. Reactive oxygen intermediates cause cellular damage that is referred to as 

oxidative stress. 



During photosynthesis, molecular oxygen competes with nicotinamide adenine 

dinucleotide phosphate (NADP) for elecfrons from the reduced photosystem. NADP is 

the primary electron acceptor and is reduced to NADPH, providing reducing power for 

carbohydrate synthesis. Under stressfiil conditions, including high light and cold 

temperatures, the Calvin Cycle cannot recycle NADP quickly enough, so that the NADP 

becomes scarce and the plant reduces O2. A plant under oxidative stress reduces oxygen 

by a single electron, instead of by four as in oxidative phosphorylation, resulting in a 

negatively charged oxygen molecule with an unpaired electron. This reactive molecule is 

the superoxide radical (•O2"). 

In addition to photosynthesis and respiration, the univalent reduction of oxygen to 

produce superoxide may result from a variety of biological reactions. These include the 

oxidation of flavins (Ballou et al, 1969), hydroquinones (Misra and Fridovich, 1972a), 

catecholamines (Cohen and Heikkila, 1974), thiols (Saez et al, 1982), hemoglobin 

(Misra and Fridovich, 1972b) and reduced ferredoxin (Misra and Fridovich, 1971). 

Several oxidative enzymes can also produce superoxide including xanthine oxidase, 

aldehyde oxidase, and several flavin dehydrogenases (reviewed by Fridovich, 1975). 

Also, neutrophils and macrophages produce toxic concentrations of superoxide during 

phagocytosis in response to infection (Bannister and Bannister, 1985). 



1.2 Superoxide Dismutase Alleviates Oxidative Stress 

Radical oxygen species such as superoxide pose a threat to all cells by initiating 

destmctive chain reactions. The unpaired electron of a radical is unstable, causing the 

radical to react with many types of molecules. Paired electrons are in a quantum 

mechanically stable state. All living cells require enormous stability, so biological 

molecules typically contain only paired electrons. A molecule with an unpaired elecfron 

spontaneously passes the electron to almost any molecule with which it comes in contact. 

The unpaired electron passes from molecule to molecule until it encounters another 

unpaired electron with which it can form a stable pair. The electron chemically alters 

each molecule in the chain. To avoid this damage, cells need a way to scavenge radicals 

to quench these unpaired electrons. Cells use enzymes containing transition metal atoms, 

which can easily accept the unpaired electron of a radical and store it safely in a stable, 

shielded orbital. Superoxide dismutase (SOD) scavenges the reactive oxygen radical 

superoxide. A transition metal ion in the core of superoxide dismutase accepts the four 

extra electrons from the net reaction (Babcock and Wikstrom, 1992). SOD catalyzes the 

following reaction: 

2 -02" + 2H'' -^ H2O2 + O2. 

Different organisms use different combinations of various isoforms of superoxide 

dismutase. The metal cation used defines the isoform: either iron, manganese, or both 



copper and zinc. The hydrogen peroxide produced by superoxide dismutase is also 

unstable and reactive, so cells employ several other enzymes to either reduce it to water 

or oxidize it back to oxygen. 

The transition metal atom at the active site of SOD classifies the isoform. SODs 

containing copper and zinc (Cu/Zn SOD), iron (Fe SOD), and manganese (Mn SOD) 

have been identified (Bowler et al, 1992). Although all three isoforms catalyze the same 

reaction, their activities are distinguishable by the addition of specific inhibitors to the 

extract when assaying SOD activity. Cyanide inhibits Cu/Zn SOD without affecting the 

activity of Fe SOD or Mn SOD. Hydrogen peroxide inhibits both Cu/Zn SOD and Fe 

SOD without affecting Mn SOD. By using different combinations of these inhibitors, the 

isoforms present in a given cell extract can be determined. 

1.3 Distribution of SODs 

1.3.1 SODs in Bacteria 

By using the SOD inhibitors discussed above, researchers have identified the 

distribution of SOD isoforms across a wide variety of organisms. Much of this data has 

recently been confirmed by isolation and characterization of the isoforms and the genes 

that encode them. 

In general, Cu/Zn SOD is absent from prokaryotes. Photobacterium leiognathi 

and Caulobacter crescentus are two exceptions to this mle. Although the presence of 

Cu/Zn SOD in C. crescentus remains enigmatic, the author proposes that the Cu/Zn SOD 



gene may have been transferred to P. leiognathi from its symbiotic host, the ponyfish. It 

is unclear if P. leiognathi benefited from the transfer, because it also contains Fe SOD 

(Martin and Fridovich, 1981). 

Anaerobic bacteria typically have only Fe SOD, while both Fe SOD and Mn SOD 

appear to be randomly distributed among the aerobic bacteria (reviewed in Bannister et 

al, 1987). When facultative anaerobic bacteria such as E. coli are grown anaerobically, 

only Fe SOD is detectable. However, both Fe SOD and Mn SOD have been detected in 

aerobically grown E. coli (Dougherty et al, 1978). E. coli mutants lacking both Fe SOD 

and Mn SOD are unable to grow aerobically on minimal media and have a higher 

mutation rate than wild-type bacteria (Van Camp et al, 1990). However, the anaerobes 

Bacteriodes fragilis and Propionibacterium shermanii contain both Fe SOD and Mn 

SOD activity (Gregory and Dapper, 1983). Although the trend suggests Fe SOD may be 

the most primitive isoform, advanced cyanobacteria appear to exclusively contain Fe 

SOD (Asada et al, 1975). Fe SOD was also reported in Pseudomonas ovalis and 

Anacystis nidulans (Van Camp et al, 1990). While the apparently anomalous, patchwork 

distribution of isoforms among prokaryotes may be due in some cases to difficulties in 

detecting minuscule amounts of enzyme, some species express huge amounts of SOD. 

Approximately 6% of the soluble protein in Mycobacterium lepraemurium is reported to 

be Mn SOD (Ichihara et al, 1977). 

Both Fe SOD and Mn SOD have recently been detected in the nitrogen-fixing 

Azotobacter vinelandii. A. vinelandii utilizes oxygen very quickly to maintain an 



anaerobic environment for the oxygen-sensitive nitrogenase. The authors theorize that 

the two isoforms act jointly to protect nitrogenase from superoxide produced by the rapid 

respiration of .^. vinelandii (Pagani et al., 1995). 

1.3.2 SODs in Simple Eukaryotes 

As in prokaryotes, there seems to be no clear pattern goveming the distribution of 

Fe SOD and Mn SOD among simple eukaryotes. The protozoan Crithidia fasciculata 

contains only Fe SOD (Trant et al, 1983). The unicellular red alga Porphyridium 

cruentum only contains Mn SOD (Misra and Fridovich, 1977), but the ciliate 

Tetrahymena pyriformis contains both Fe SOD and Mn SOD (Lindmark and MuUer, 

1974). While Cu/Zn SOD has not been observed in protozoa, both Cu/Zn SOD and Mn 

SOD appear to be universally present in yeast, fiingi, slime molds, and the plant and 

animal kingdoms (Bannister et al, 1987). 

1.3.3 SODs in Plants and Animals 

Although Cu/Zn SOD and Mn SOD activity have been reported in all plants and 

animals observed, plants appear to be the only higher eukaryotes that contain Fe SOD. 

However, Fe SOD activity has only been observed among a few scattered and 

phylogenetically diverse plant species (Van Camp et al, 1990). Fe SOD has been 

detected in lemon trees (Sevilla et al, 1984), Nicotianaplumbaginifolia (Van Camp et 

al, 1990), tomato (Kwiatowski et al, 1985), the mustard Brassica campestris (Salin and 



Bridges, 1980), Arabidopsis thaliana (Van Camp et al, 1990), the water lily Nuphar 

luteum (Salin and Bridges, 1982), and the primitive tree Ginkgo bilboa (Duke and Salin, 

1985). It is unclear if this unusual distribution is real, or if Fe SOD is more difficult to 

detect than the other SOD isoforms. Fe SOD detection is done primarily by 

spectrophotometric activity assay or by staining non-denaturing activity gels. Both 

methods have a limited sensitivity to very small quantities of enzyme. Another 

possibility is that the Fe SOD gene expression may be induced under specific conditions 

so that the researcher must induce expression prior to observing activity. It has been 

shown that the Fe SOD in tomato chloroplasts is strongly inducible under unspecified 

conditions (Kwiatowski et al, 1985). Also, the sporadic distribution of Fe SOD observed 

among plant species is due in part to the fact that Fe SOD is induced under unknown 

conditions in many plant species, while it appears to be constitutively expressed in others 

(Van Camp era/., 1990). 

1.3.3.1 Subcellular Localization of Fe SODs in Plants 

Tobacco {Nicotiana tabacum) has a manganese superoxide dismutase (Mn SOD) 

in mitochondria (Bowler et al, 1991), iron and copper/zinc superoxide dismutases (Fe 

SOD and Cu/Zn SOD) in chloroplasts, and Cu/Zn SOD in the cytoplasm (Van Camp et 

al, 1990). Superoxide dismutase is required in the mitochondria and chloroplasts to 

protect phospholipid membranes from the superoxide produced by high-energy elecfrons 



common to these organelles. The superoxide dismutase present in the cytosol protects 

the plasma membrane and tonoplast. 

1.4 Engineering Resistance to Oxidative Stress in Plants 

1.4.1 Overview 

Research in several labs has focused on boosting plant defenses against oxidative 

stress (Allen, 1995). By genetically engineering plants to produce much more superoxide 

dismutase than they normally produce, the production of transgenic plants that can resist 

oxidative stress more effectively than wild-type plants is expected. Since cotton is native 

to tropical regions, it may be possible to engineer cotton to maximize growth in the 

relatively harsh climate of West Texas. During the early growing season in this region, 

cold and sunny days are common. On these days bright light from the sun energizes the 

photosystems of cotton leaves, while cold weather slows the reaction rates in the 

photosynthetic pathway, causing a shortage of NADP. High-energy elecfrons accumulate 

in the photosystem. Without available NADP, the energized electrons reduce oxygen to 

superoxide. 

Because cotton is native to a climate much more similar to the Mississippi delta 

than to the high plains of Texas, its inherent anti-oxidant systems may be sfretched to the 

limit in West Texas. Increasing cotton's production of superoxide dismutase may 

increase the plant's ability to grow in Texas. A healthy cotton crop with a high fiber yield 

is vital to the economy of West Texas. 
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1.4.2 Over-expression of Cu/Zn SOD. MN SOD and APX 

The research strategy is to use tobacco as a model system because of the relative 

ease of genetic transformation in this species. By over-expressing various superoxide 

dismutase cDNA sequences in chloroplasts, the gene constmct that best protects tobacco 

from the inhibition of photosynthesis associated with oxidative stress may be found. To 

fiirther protect against oxidative stress, an ascorbate peroxidase cDNA has also been used 

for over-expression studies (Webb, R.P. and Allen, R.D., unpublished data). Ascorbate 

peroxidase converts the harmfiil hydrogen peroxide produced by superoxide dismutase 

into water. Over-expression of both superoxide dismutase and ascorbate peroxidase may 

fiirther protect against oxidative stress. 

Over-expression of pea chloroplastic Cu/Zn SOD in tobacco tripled the overall 

SOD activity (Sen Gupta et al, 1993a), and, surprisingly, induced ascorbate peroxidase 

(APX) activity to triple the rate of the wild type enzyme activity. The combined increase 

in activity of SOD and APX resulted in transgenic tobacco plants that were remarkably 

tolerant to high light during cold conditions compared to wild type tobacco (Sen Gupta et 

al, 1993b). Exposure to conditions that promote oxidative stress inhibited 

photosynthesis in the wild type plants, but transgenic plants recovered more than 90% of 

their photosynthetic activity. Transgenic plants also resisted membrane damage when 

exposed to paraquat (methyl viologen), a herbicide that induces oxidative sfress and 

electrolyte leakage. Tobacco plants that over-expressed mitochondrial Mn SOD showed 



no induction of APX and only a slight increase in oxidative stress resistance (Bowler et 

al, 1991). On the other hand, expression of a Mn SOD that is targeted to chloroplasts 

resulted in increased paraquat protection (Bowler et al, 1991; Schake, 1995). 
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CHAPTER II 

OBJECTIVES 

The long-term objective of this work is to determine the importance of Fe SOD in 

oxidative stress resistance relative to other SOD isoforms. In the fiiture, this goal will be 

accomplished by performing two sets of experiments. First, Fe SOD will be over-

expressed in tobacco. Second, a tobacco Fe SOD cDNA will be expressed in an antisense 

orientation in tobacco to inhibit native Fe SOD translation. Paraquat, a herbicide that 

induces oxidative sfress, will then be used to test the transgenic plants for membrane 

permeability and photoinhibition. One would predict that tobacco plants that over-

express Fe SOD would resist the effects of paraquat more effectively than wild-type 

plants. On the other hand, plants expressing the antisense Fe SOD cDNA constract would 

be predicted to suffer from increased sensitivity to oxidative stress induced by paraquat. 

Test results will be compared to similar experiments done with Mn SOD and Cu/Zn SOD 

to determine the most effective enzyme in alleviating oxidative stress. If the over-

expression of Fe SOD proves to be effective in protecting tobacco from oxidative stress, 

this constmct will be used in the fiiture to over-express Fe SOD in cotton. 

The purpose of the research reported in this thesis is to constmct a vector for the 

over-expression of soybean (Glycine max) Fe SOD in tobacco and to isolate a tobacco Fe 

SOD cDNA to inhibit Fe SOD in tobacco. No fiiU-length cDNA for tobacco Fe SOD has 

been isolated. A partial Fe SOD cDNA of 620 nucleotides from the 3' end was published 
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Fe SOD sequence from Nicotiana plumbaginifolia (Van Camp et al, 1990). Primers 

derived from the published sequence were used to amplify a partial Fe SOD cDNA by the 

polymerase chain reaction (PCR). This PCR product was used to screen a tobacco leaf 

cDNA library in an attempt to isolate a fiiU-length Fe SOD cDNA. Unforttinately, the 

isolated clones were false positives resulting from hybridization to the vector. Having 

been unsuccessfiil with the library screening, an alternative strategy was adopted. 

Although no fiiU-length Fe SOD cDNA is available for tobacco, a complete 

soybean Fe SOD cDNA sequence was published (Crowell and Amasino, 1991). This 

soybean Fe SOD cDNA was used to develop gene constmcts for the analysis of over-

expression in tobacco. 

Antisense inhibition of translation of Fe SOD in tobacco requires a cDNA 

complimentary to the 5' end of the native Fe SOD mRNA transcript. The soybean cDNA 

was not likely to be sufficiently homologous to effectively inhibit translation. When the 

antisense Fe SOD DNA is transcribed into mRNA, the antisense mRNA hybridizes to the 

complementary sense Fe SOD mRNA, forming double-stranded mRNA which is not 

translated into protein. Both a high level of expression of the antisense RNA and a high 

degree of homology increase the efficiency of inhibition of the target transcript (Ecker 

and Davis, 1986). Typically, the 5' end of the cDNA is sufficient for inhibition of 

translation. 

Unfortunately, as mentioned before, the 5' end of the tobacco Fe SOD cDNA has 

not been cloned. Because high homology between the antisense transcript and the 5' end 

12 



of the target mRNA is preferred, PCR was used to amplify the 5' end of an Fe SOD 

cDNA from a tobacco cDNA library. 

Work presented in this thesis includes the isolation and cloning of the soybean Fe 

SOD cDNA, the constmction of vectors for the transformation and expression of soybean 

Fe SOD, the inoculation of tobacco leaf discs with Agrobacterium transformed with the 

Fe SOD gene constmct, and the isolation and cloning of the tobacco Fe SOD cDNA. 
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CHAPTER III 

MATERIALS AND METHODS 

3.1 Over-expression of Soybean Fe SOD 
in Tobacco 

3.1.1 Isolation of Soybean Fe SOD cDNA 

3.1.1.1 Total RNA Preparation 

Total RNA was isolated from soybean leaves (Chomczynski and Sacchi, 1987). 

Two grams of freshly harvested, whole leaves were ground to powder in liquid nitrogen. 

The powdered tissue was homogenized with a polytron in a buffer containing 4 M 

guanidine thiocyanate, 25 mM sodium citrate, 0.5% (w/v) n-lauroylsarcosine, and 0.1 M 

P-mercaptoethanol. Proteins were removed by two extractions with a 29:29:1 solution of 

phenol, chloroform, and isoamyl alcohol, respectively. The homogenate was precipitated 

in 50% isopropanol overnight at -20° C and centrifiiged at 10,000 X g for 15 minutes. 

The pellet was resuspended in 5 ml homogenization buffer. RNA was then precipitated 

in 2 M LiCl and centrifiiged as before. The pellet was resuspended in water treated for 

one hour with diethyl pyrocarbonate (DEPC). RNA was precipitated a final time by 

adding 1 ml of ethanol and 20 )a,l of 3 M NaOAc (each precipitation was overnight at -20° 

C). After centrifiigation, the pellet was resuspended in 400 lal HjO. All reagents and 

labware were treated in DEPC for a minimum of 1 hour to prevent RNAses from 

degrading the RNA. 
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To ensure that the RNA was not degraded, RNA was separated by gel 

electrophoresis (Figure 4.1). Electrophoresis was performed on a 1% agarose gel 

containing 2.2 M formaldehyde, and 40 mM morpholinopropanesulfonic acid (MOPS) 

(pH 7). The RNA was loaded onto the gel in a solution of 20 mM MOPS, 1 M 

formaldehyde, and 50% (v/v) formamide (Maniatis et al, 1982). 

3.1.1.2 Northem Hybridization Analysis 

To determine if Fe SOD is expressed in cotton, the tobacco probe (Figure 4.10) 

was used to hybridize RNA from both tobacco and cotton. The procedure used to isolate 

RNA from tobacco (Section 3.1.1.1) is ineffective with cotton due to phenolic 

compounds in the cells. The procedure used to isolate RNA from cotton utilizes 1% 

polyvinyl pyrrolidone (PVP) in the homogenization buffer, which binds to phenolic 

compounds. 

To extract total RNA from cotton, 2.5 g of cotton leaves were ground with a 

mortar and pestle in liquid nitrogen. The powder was homogenized with a polyfron in a 

buffer solution of 5 M guanidine thiocyanate, 0.2 M Tris-acetate (pH 8.5), 0.7% P-

mercaptoethanol. Wo PVP, and 0.62% n-lauroylsarcosine. The homogenate was filtered 

through Miracloth (Calbiochem-Novabiochem Corporation, La JoUa, CA). A 1.5 ml pad 

of 5.7 M CsCl was placed in the bottom of an ultracentrifiige tube, and 2.5 ml of 

homogenate was placed on top of it. The tubes were centrifiiged at 36,000 rpm for 18 

hours at 20° C. The supernatant was discarded, and the pellet was resuspended in the 
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ultracentrifiige ttibe with 200 |al 5% phenol TE buffer. The contents of the ultracentrifiige 

tube were transferred to a microcentrifiige tube for two extractions in a solution of 

phenol, chloroform, and isoamyl alcohol in a 29:29:1 ratio, respectively. This was 

followed by one extraction in a 29:1 solution of chloroform and isoamyl alcohol. One 

volume of 5 M ammonium acetate was added to the extract, followed by 2.5 volumes of 

ethanol. The solution was kept overnight at -20° C. The precipitate was pelleted by 15 

minutes of centrifiigation at 4° C, and the pellet was resuspended in 50 \i\ water. All 

solutions were prepared in DEPC-treated water, and labware was baked at 180° C to 

prevent RNAses from degrading the RNA. 

The tobacco RNA preparation and RNA gel electrophoresis were both as in 

Section 3.1.1.1. 

After electrophoresis, the RNA was denatured by soaking the agarose gel in 75 

mM NaOH for 20 minutes. The gel was washed in DEPC-treated water for 15 minutes, 

followed by 20 X SSPE buffer for 45 minutes. A liter of 20 X SSPE contains 175.3 g 

NaCl, 27.6 g NaH2P04, and 7.4 g EDTA at pH 7.4. The RNA was transferred to a 

PROTRAN nitrocellulose filter (Schleicher & Schuell NC, Keene, NH) by blotting 

overnight in 20 X SSPE. The membrane was baked in a vacuum oven at 80° C for 2 

hours, and then prehybridized at 42° C for 2 hours in a Dextran Sulfate buffer. The 

Dextran Sulfate buffer contains 10 g Dextran Sulfate, 0.5 ml 20% SDS, 25 ml 20 X SET, 

and 50 ml formamide in a 100 ml solution. The tobacco probe was purified and labeled 

as in Section 3.1.3.2. The probe was added directly to the Dextran Sulfate solution after 
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prehybridization and allowed to hybridize overnight at 42° C. The membrane was placed 

on x-ray film overnight at -80° C. 

3.1.1.3 Reverse Transcriptase PCR 

First strand cDNAs were synthesized from 2 |j,g total RNA denatured in a total 

volume of 25 |il at 70° C for 15 minutes. The cDNAs were transcribed in a 50 |J,1 reaction 

volume containing 1 [i\ RNAsin, 5 |j,l oligo dT(i2.i8), 5 |al 2.5 mM dNTPs, 5 |al MMuLV-

RT 10 X buffer, and 1.5 |a.l MMuLV reverse transcriptase (Promega Corporation, 

Madison, Wisconsin). The reverse transcription reaction was incubated for 90 minutes at 

37° C. 

Synthesized cDNA (3 |J,1) was transferred to a PCR tube for amplification. The Fe 

SOD cDNA was primed with 500 ng each of the 5' and 3' primers. The 5' and 3' primers 

are indicated as underlined portions of the full soybean Fe SOD sequence shown in 

Figure 4.5. The cDNA was then amplified through 35 cycles of PCR with Tag 

polymerase (Promega Corporation, Madison, Wisconsin) in a thentnal cycler (Perkin-

Elmer, Foster City, California). The thermal cycler was programmed to denattire at 95° C 

for 30 seconds, anneal at 55° C for 1 minute, and to extend at 72° C for 2 minutes. 

The 5' primer was modified by a single nucleotide to create a Ncol restriction site 

at the Fe SOD translation start codon. An asterisk in the 5' PCR primer sequence (Figure 

4.5) indicates where a cytosine was substituted for a guanosine in the synthesized 

oligonucleotide primer. 
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3.1.1.4 TA Cloning 

The pGEM-T plasmid has a single deoxy-T overhang at each 3' end that is 

complimentary to the deoxy-A overhangs created in the PCR product by Taq polymerase, 

allowing for the efficient ligation of PCR products into the pGEM-T plasmid (Promega 

Corporation, Madison, Wisconsin). The pGEM-T plasmid also contains an ampicillin 

resistance gene for selection, as well as T3, T7, and Ml3 universal primers for 

sequencing. One microliter of the amplified PCR reaction and l|il of the pGEM-T 

plasmid were ligated together in a lOjal reaction volume. T4 DNA ligase catalyzed the 

reaction overnight at 12° C. 

Two microliters of the ligation reaction were used to transform competent E. coli 

cells (strain DH5a). Next, 100 î l of cells were grown on plates selecting for ampicillin 

resistance. Resistant colonies lacking a PCR fragment at the TA site of the pGEM-T 

plasmid were excluded by observing ^-galactosidase activity (colonies stained blue when 

treated with X-Gal and IPTG were avoided). 
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3.1.2 Identification of Cloned cDNA 

3.1.2.1 Sanger Dideoxy Sequencing 

The entire PCR product was sequenced (Figure 4.5) using Sequenase v2.0 

according to the recommended protocol (United States Biochemical, Cleveland, OH). 

Because Taq polymerase has been observed to occasionally misincorporate nucleotides 

when synthesizing DNA, the entire cDNA must be sequenced to confirm the fidelity of 

the PCR amplification. The Ml3 forward and reverse universal sequencing primers, and 

the T3 and T7 promoter primers in the pGEM-T plasmid, as well as an internal synthetic 

oligonucleotide primer were used to obtain overlapping sequencing reactions of the entire 

cDNA. The sequence was read from a 6% polyacrylamide gel. 

3.1.3 Constmction of the Expression Vector 

3.1.3.1 Insertion of the cDNA into pRTL2 

While pGEM-T is a useful vector for cloning PCR products, it is insufficient for 

plant transformation and gene expression. The expression vector pRTL2 contains a 

Cauliflower mosaic vims (CaMV) 35S promoter with a duplicated enhancer region, the 

5' untranslated region from tobacco etch virus (TEV) with an Ncol site at the start codon, 

a CaMV 35S 3' terminator, and a polyadenylation signal which cause the over-expression 

of cDNA inserts in plant cells. 

The pGEM-T::Fe SOD plasmid was cut with Noti (Figure 4.5). The NotI 

overhang was blunted using the DNA polymerase I Klenow fragment. Then, the 
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linearized and blunted pGEM-T::Fe SOD plasmid was gel-purified and cut with Ncol. 

The cDNA (with a blunt Noti end and an overhang at the Ncol end) was separated in an 

agarose gel for ligation. Meanwhile, the pRTL2 plasmid was cut with Ncol and Smal in 

a double-digest and gel-purified for ligation. The Fe SOD cDNA was ligated to pRTL2 

at the Ncol sites and blunt-end ligated at the 3' end. Next, 5 |al of pRTL2::Fe SOD 

plasmid was transformed into competent E. coli cells (DH5a). 

3.1.3.2 Insertion of the Expression Cassette into pCGN1578 

To transfer the Fe SOD constmct to plants using Agrobacterium tumefaciens, it 

was necessary to insert the constmct into pCGN1578, a binary plasmid vector. A binary 

plasmid contains the left and right T-DNA border sequences that are recognized by 

proteins encoded by the Ti plasmid in Agrobacterium. These proteins cut out the T-DNA 

(flanked by the left and right border sequences) from the binary plasmid, transfer the T-

DNA to the plant cell, and insert the T-DNA into the plant genome. 

The Fe SOD constmct was subcloned from pRTL2 into pCGN1578 using Pstl. A 

PstI site in pCGN1578, located between the left and right border sequences, was used to 

insert the expression cassette (Figure 4.7). 

3.1.3.3 Southem Hybridization Analysis 

The expression cassette was cut from pCGN1578 using Psfl. Next, the Psfl 

fragment was separated from the vector on a 1% agarose gel. Then, the agarose gel was 
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washed in 0.25N HCl on a vacuum blotter (Pharmacia LKB Biotechnology, Piscataway, 

NJ). The DNA was denatured in a solution of 0.2 N NaOH and 0.6 M NaCl. Using the 

vacuum blotter, the DNA was transferred to a nylon membrane (Micron Separations Inc., 

Westboro, MA) in a 25 mM sodium phosphate buffer (pH 6.5) for one hour. The 

membrane was baked in a vacuum oven at 80° C for 90 minutes. 

The soybean Fe SOD probe (see the italicized portion of Figure 4.5) was labeled 

with a- P dCTP by Klenow polymerase primed with random hexanucleotides (USB). 

The probe was purified on a NACS PREP AC column (Life Technologies, Gaithersburg, 

MA). 

The membrane was prehybridized for one hour at 60° C in a buffer solution of 1% 

bovine semm albumin (BSA), 1 mM ethylenediaminetetraacetic acid (EDTA), 0.5 M 

sodium phosphate (pH 7.2), and 7% sodium dodecyl sulfate (SDS). The purified probe 

was boiled for 15 minutes and added to the buffer and membrane after prehybridization. 

The hybridization proceeded overnight at 60° C. The membrane was then washed twice 

(30 minutes each time) in a wash buffer of 0.5% BSA, 1 mM EDTA, 40 mM sodium 

phosphate buffer (pH 7.2), and 1 % SDS. Finally, the membrane was washed a third time 

for 30 minutes in a washing buffer of 1 mM EDTA, 40 mM sodium phosphate buffer (pH 

7.2), and 1 %> SDS. The membrane was exposed to x-ray film overnight at -80° C. 
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3.1.4 Direct Transformation of Agrobacterium 

A. tumefaciens sfrain EHAlOl was grown in Luria Broth (LB) media with 50 

f̂ g/ml kanamycin to an optical density of approximately 0.5 (steady state growth) at 30° 

C. Cells were centrifiiged and the pellet resusupended in 500 îl LB. Next, 200 ^1 of 

cells were added to 200 ^1 of LB and 5 \\.\ of pCGN1578::Fe SOD. The tube was gently 

mixed and frozen in liquid N2 for 5 minutes. The cells were thawed for five minutes at 

37° C. Then, 1 ml of LB was added to the cells, and they were incubated in the 30° C 

shaker overnight. Finally, 50 \A cells were plated on LB with 50 ^ig/ml kanamycin and 

100 |ag/ml gentamycin and grown overnight at 30° C. Colonies lacking P-galactosidase 

activity were selected. 

Isolation of pCGN1578::Fe SOD horn Agrobacterium is difficult. Alkaline lysis 

was modified to include 2 |ig/ml lysozyme in the resuspension solution. Then, 14 îl of 

the plasmid preparation was cut with Pstl and separated on a 1% agarose gel. Because 

the plasmid preparation did not contain enough DNA to be visible with ethidium bromide 

staining, Southern blotting was used to confirm the presence of the pCGN1578::Fe SOD 

expression cassette in A. tumefaciens. 
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3.2 Antisense Inhibition of Fe SOD 

3.2.1 Isolation of Fe SOD cDNA from Tobacco 

3.2.1.1 PCR Amplification of a Tobacco cDNA Library 

Antisense inhibition of translation requires a transcript homologous to the 5' end 

of the native mRNA (Ecker and Davis, 1986). Therefore, a fiiU-length tobacco Fe SOD 

(or a partial cDNA including the 5' end) is necessary. Because the only published 

tobacco Fe SOD cDNA is a fragment excluding the 5' end, RT-PCR is insufficient. 

Instead, the cDNA was amplified from a lambda library. 

To improve the likelihood of amplifying a full-length cDNA, a 5'-STRETCH 

tobacco cDNA library constmcted in A,gtlO was used (Clontech Laboratories, Inc., Palo 

Alto, CA). The 3' PCR primer was designed from the published sequence and includes a 

sequence homologous to the 500 base pairs (bp) tobacco Fe SOD probe. Figure 4.8 is the 

published partial cDNA sequence (Van Camp et al, 1990), with the PCR primer 

sequence underlined. Because the orientation of cDNA inserts in the library is not 

specific, the library was amplified using both forward and reverse X,gtl0 universal 

primers. 

The library was amplified in a 50 p,l reaction volume containing 5 \x\ of the library 

(boiled for 10 minutes before being added to the reaction), 2 \i\ of each primer (from 20 

picomolar (pM) stocks), and 5 \A dNTPs (from 2.5 îM stocks). Taq polymerase (0.5 î l) 

was added during the denaturing step of the first cycle of PCR for a "hot start." As in 
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RT-PCR (Section 3.1.1.2), the reaction went through 35 cycles of 95° C for 30 seconds, 

55° C for 1 minute and 72° C for 2 minutes. 

3.2.1.2 Identification of the Tobacco Fe SOD cDNA 

The PCR products were Hgated into pGEM-T as in Section 3.1.1.3. E. coli cells 

were transformed and colonies with inserts were selected by observing ^-galactosidase 

activity as before. However, because only one of the PCR primers used to amplify from a 

cDNA library is specific to the target cDNA and because the cDNA library contains 

various lengths of each cDNA, the PCR reaction amplifies numerous fragments of 

varying lengths. Southem hybridization analysis (as described in Section 3.1.3.2) was 

used to identify the longest cDNA with homology to tobacco Fe SOD. 
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CHAPTER IV 

RESULTS 

4.1 Soybean RNA Preparation 

In order to amplify the Fe SOD cDNA from soybean using RT-PCR, total RNA 

was prepared according to Chomczynski and Sacchi (1987). Figure 4.1 is a photograph 

of an agarose gel displaying total RNA. The RNA samples in the left two lanes are from 

tobacco leaves, the center lane is RNA from cotton leaves, and the right lane is RNA 

from soybean leaves. The well-defined banding patterns confirm that the RNA is not 

significantly degraded. Soybean RNA from this preparation was used for RT-PCR, and 

the tobacco and cotton RNA was used for Northem hybridization analysis (Figure 4.2). 

Figure 4.1. Total RNA preparations. Lanes 1 and 2 are total RNA from tobacco leaves, 
lane 3 is total RNA from cotton leaves, and lane 4 is total RNA from 
soybean leaves. 
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Because Fe SOD has not been identified in cotton, a tobacco Fe SOD probe was 

used to try to detect Fe SOD expression in cotton. A Northem blot reveals Fe SOD 

expression in tobacco (right lane), but not in cotton (left lane) (Figure 4.2). Possible 

explanations include: (/) cotton does not have an Fe SOD gene, (//) cotton has an Fe 

SOD gene which is not expressed in cotton under greenhouse conditions, (///) the cotton 

Fe SOD mRNA is not sufficientiy homologous to the tobacco Fe SOD cDNA probe to 

hybridize, and (iv) the RNA purified from cotton was insufficient in quantity or quality to 

detect Fe SOD transcripts (Figure 4.1). The small amount of RNA purified from cotton 

makes the data inconclusive. If the Fe SOD mRNA is very rare in cotton, then detection 

will require a more sensitive means of detection than Northem hybridization analysis. 

However, oxidative stress increases the level of Fe SOD mRNA up to 40-fold in 

Nicotiana plumbaginifolia (Tsang et al, 1991), so Fe SOD may be inducible in cotton, 

too. If so, then Northem hybridization analysis of cotton plants exposed to oxidative 

stress may reveal Fe SOD expression. 
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Fe SOD mRNA 

Figure 4.2. Northem hybridization of cotton and tobacco RNA with a tobacco Fe SOD 
probe. Lane 1 is total RNA from cotton leaves and lane 2 is total RNA 
from tobacco leaves. 

4.2 Reverse Transcriptase PCR 

A complete soybean Fe SOD cDNA was isolated by RT-PCR using primers 

derived from the published sequence (Crowell and Amasino, 1991). This soybean Fe 

SOD cDNA was used to develop gene constracts for over-expression analysis in tobacco. 

Figure 4.3 shows the result of RT-PCR amplification. Two single bands were 

amplified by Perkin-Elmer (lane 1) and Promega (lane 2) Taq polymerases in separate 

reactions. The right lane is a X,HindIII size standard. Thirty-five rounds of amplification 

produced a single, clean band in the agarose gel corresponding to about 750 bp. 
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^ 2 . 3 kb 
^ 2.0 kb 

- 564 bp 

Figure 4.3. A 750 bp soybean Fe SOD PCR product. 

4.3 Cloning the PCR Product 

The pGEM-T plasmid (discussed in Section 3.1.1.4) has deoxy-T overhangs 

facilitating the ligation of PCR products into the plasmid (Promega Corporation, 

Madison, Wisconsin). The PCR fragment was ligated into pGEM-T and individual 

plasmid clones were isolated for sequencing and later cloning steps. Figure 4.4 shows the 

plasmid constmct produced by TA cloning, as well as the Ncol and NotI restriction sites 

used to excise the cDNA. 

4.4 The Soybean Fe SOD cDNA Sequence 

The soybean Fe SOD cDNA was sequenced from the pGEM-T plasmid by Sanger 

dideoxy sequencing. Figure 4.5 is the sequence of the cDNA amplified by RT-PCR. The 

sequence of the PCR product was compared to the published sequence and no 

misincorporated nucleotides were found. The sequence confirmed the identity of the 

PCR product as a fiill-length Fe SOD cDNA. 
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Ncol 

Figure 4.4. TA Cloning into the pGEM-T vector. 

A nucleotide substitution (G->C) was introduced in the 5' PCR primer. The 

original soybean Fe SOD sequence at the start codon was GAAGGCATGG (Crowell and 

Amasino, 1991). The result of the substitution is GAAGCCATGG, which contains the 

Ncol restriction site (CCATGG). The nucleotide substitution is upstream of the start 

codon, so it does not alter the translated protein (Figure 4.6). The Ncol restriction site 

provides seamless joining to the start codon of the TEV 5' untranslated region of pRTL2 

(Section 3.1.3.1). 

The italicized portion at the 5' end of the sequence was used as a probe in 

Southern hybridization analysis of the final expression cassette (Figure 4.9). 
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GAAGC*CA TGGCCTCA TTGGGTaGrrTT4r4 AAA Tarn A arnnr Arr^f^ jjjjrrr 

ATCAAAGAGGGTCCAAAAGTCAATGCAAAGTTCGAGCTGAAGCCGCCACCAT 

ATCCACTGAATGGTTTGGAGCCGGTGATGAGCCAGCAGACACTTGAGTTTCA 

CTGGGGGAAGCACCACAAGACTTATGTGGAAAATCTGAAAAAACAAGTTGTT 

GGGACAGAGCTTGATGGGAAGTCACTAGAAGAGATTATTGTCACATCATACA 

ATAAGGGTGACATTCTTCCAGCTTTCAACAATGCAGCACAGGTATGGAACCA 

TGACTTCTTCTGGGAGTGCATGAAACCAGGTGGAGGTGGAAAGCCATCCGGG 

GAGCTTCTAGAACTGATTGAAAGAGACTTTGGTTCATTTGTAAAATTCCTTGA 

TGAGTTCAAGGCTGCTGCTGCAACACAATTTGGTTCAGGGTGGGCTTGGCTA 

GCATATAGAGCAAGAAAATTTGATGGGGAAAATGTAGCAAATCCTCCTTCAC 

CCGATGAGGACAACAAGCTAGTGGTGCTCAAGAGTCCCAATGCTGTGAACCC 

CCTTGTTTGGGGAGGTTACTACCCACTTCTTACCATTGATGTTTGGGAGCATG 

CTTACTACCTTGATTTTCAGAACCGGCGTCCTGATTATATATCAGTGTTCATG 

GATAAGCTTGTTTCCTGGGATGCAGTGAGCTCTAGACTTGAACAAGCTAAGG 

CTTTAATTACCAGTGCATGATGCTGAA 

Figure 4.5. The soybean Fe SOD cDNA sequence as amplified by RT-PCR. The 
italicized portion was used as a probe for Southem hybridization analysis, 
and the underlined portions were used as PCR primers. The asterisk indicates 
a G^'C nucleotide substitution introduced in the PCR primer. 
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15 24 33 42 51 60 

5' ATG GCC TCA TTG GGT GGG TTA CAA AAT GTG AGO GGC ATC AAT TTT CTT ATC AAA 

Met Ala Ser Leu Gly Gly Leu Gin Asn Val Ser Gly H e Asn Phe Leu H e Lys 

69 78 87 96 105 114 
GAG GGT CCA AAA GTC AAT GCA AAG TTC GAG CTG AAG CCG CCA CCA TAT CCA CTG 
Glu Gly Pro Lys Val Asn Ala Lys Phe Glu Leu Lys Pro Pro Pro Tyr Pro Leu 

123 132 141 150 159 168 
AAT GGT TTG GAG CCG GTG ATG AGC CAG CAG ACA CTT GAG TTT CAC TGG GGG AAG 

Asn Gly Leu Glu Pro Val Met Ser Gin Gin Thr Leu Glu Phe His Trp Gly Lys 

177 186 195 204 213 222 
CAC CAC AAG ACT TAT GTG GAA AAT CTG AAA AAA CAA GTT GTT GGG ACA GAG CTT 

His His Lys Thr Tyr Val Glu Asn Leu Lys Lys Gin Val Val Gly Thr Glu Leu 

231 240 249 258 267 276 
GAT GGG AAG TCA CTA GAA GAG ATT ATT GTC ACA TCA TAC AAT AAG GGT GAC ATT 

Asp Gly Lys Ser Leu Glu Glu H e H e Val Thr Ser Tyr Asn Lys Gly Asp H e 

285 294 303 312 321 330 
CTT CCA GCT TTC AAC AAT GCA GCA CAG GTA TGG AAC CAT GAC TTC TTC TGG GAG 

Leu Pro Ala Phe Asn Asn Ala Ala Gin Val Trp Asn His Asp Phe Phe Trp Glu 

339 348 357 366 375 384 
TGC ATG AAA CCA GGT GGA GGT GGA AAG CCA TCC GGG GAG CTT CTA GAA CTG ATT 

Cys Met Lys Pro Gly Gly Gly Gly Lys Pro Ser Gly Glu Leu Leu Glu Leu H e 

393 402 411 420 429 438 
GAA AGA GAC TTT GGT TCA TTT GTA AAA TTC CTT GAT GAG TTC AAG GCT GCT GCT 

Glu Arg Asp Phe Gly Ser Phe Val Lys Phe Leu Asp Glu Phe Lys Ala Ala Ala 

447 456 465 474 483 492 
GCA ACA CAA TTT GGT TCA GGG TGG GCT TGG CTA GCA TAT AGA GCA AGA AAA TTT 

Ala Thr Gin Phe Gly Ser Gly Trp Ala Trp Leu Ala Tyr Arg Ala Arg Lys Phe 

501 510 519 528 537 546 
GAT GGG GAA AAT GTA GCA AAT CCT CCT TCA CCC GAT GAG GAC AAC AAG CTA GTG 

Asp Gly Glu Asn Val Ala Asn Pro Pro Ser Pro Asp Glu Asp Asn Lys Leu Val 

555 564 573 582 591 600 
GTG CTC AAG AGT CCC AAT GCT GTG AAC CCC CTT GTT TGG GGA GGT TAC TAC CCA 

Val Leu Lys Ser Pro Asn Ala Val Asn Pro Leu Val Trp Gly Gly Tyr Tyr Pro 

609 618 627 636 645 654 
CTT CTT ACC ATT GAT GTT TGG GAG CAT GCT TAC TAC CTT GAT TTT CAG AAC CGG 

Leu Leu Thr H e Asp Val Trp Glu His Ala Tyr Tyr Leu Asp Phe Gin Asn Arg 

663 672 681 690 699 708 
CGT CCT GAT TAT ATA TCA GTG TTC ATG GAT AAG CTT GTT TCC TGG GAT GCA GTG 

Arg Pro Asp Tyr H e Ser Val Phe Met Asp Lys Leu Val Ser Trp Asp Ala Val 

717 726 735 744 753 
AGC TCT AGA CTT GAA CAA GCT AAG GCT TTA ATT ACC AGT GCA TGA TGC TGA A 3 ' 

Ser Ser Arg Leu Glu Gin Ala Lys Ala Leu H e Thr Ser Ala *** Cys *** 

Figure 4.6. Translation of the Soybean Fe SOD cDNA. The TGA codon at position 753 
is the translation "stop" signal. 
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4.5 Cloning The Soybean Fe SOD cDNA into pRTL2 

After the identity of the PCR product was confirmed to be a fiiU-length Fe SOD 

cDNA, the cDNA was excised from pGEM-T using the NotI site of pGEM-T and the 

Ncol site created at the start codon of Fe SOD. While pGEM-T is a useful vector for 

cloning PCR products, it is insufficient for plant transformation and gene expression. 

The expression vector pRTL2 contains a Cauliflower mosaic vims (CaMV) 35S promoter 

with a duplicated enhancer region, the 5' untranslated region from tobacco etch vims 

(TEV) with an Ncol site at the start codon, a CaMV 35S 3' terminator, and a 

polyadenylation signal which cause the over-expression of cDNA inserts in plant cells. 

The NotI overhang was filled and ligated to the blunt end of Smal in pRTL2. Also, the 

Ncol site was ligated to the TEV start codon. Figure 4.7 shows the stmcture of the 

cloned expression cassette in pRTL2. 

Ncol 
NotI 
(Blunt) 

Soybean Fe SOD 

Pstl 

pRTL2 
35S Promoter TEV 

Pstl 

Terminator 
pRTL2 

\ 

Ncol Translation 
Start Codon 

Figure 4.7. Cloning into the pRTL2 expression cassette. 

Smal 
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The pRTL2::Fe SOD constmct was fransformed into E. coli (DH5a). Figure 4.8 

is a photograph of Pstl digests of plasmid DNA isolated from 6 colonies. The figure 

revealed that 5 colonies contained the complete expression cassette (a 2.3 kb Pstl 

fragment). 

1 2 3 4 5 6 7 

2.3 kb^ 
2.0 kb^ 

564 b p -

Figure 4.8. Clones containing the 2.3 kb expression cassette. 

4.6 Cloning the Expression Cassette into pCGN1578 

To transfer the Fe SOD constmct to plants using Agrobacterium tumefaciens, it 

was necessary to insert the constmct into pCGN1578, a binary plasmid vector. A binary 

plasmid contains the left and right T-DNA border sequences that are recognized by 

proteins encoded by the Ti plasmid in Agrobacterium. These proteins cut out the T-DNA 

(flanked by the left and right border sequences) from the binary plasmid, transfer the T-

DNA to the plant cell, and insert the T-DNA into the plant genome. 
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Figure 4.9 shows the Fe SOD expression constmct in pCGNl 578. A Pstl 

restriction site between the border sequences of pCGN1578 facilitates insertion of the 

expression cassette into pCGN1578. 

Figure 4.10 is a Southem hybridization of pCGN1578::Fe SOD plasmids cut with 

Pstl. They were hybridized to the soybean probe (Figure 4.5) to prove that the expression 

cassette also contains the soybean Fe SOD cDNA. 

Pstl Pstl 

Figure 4.9. Insertion of the expression cassette into pCGN1578. 
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1 2 3 

14.4 kb 

,2.3 kb 

Figure 4.10. Southem hybridization of pCGN1578 plasmids from E. coli with a 
soybean Fe SOD probe. Lanes 1, 2 and 3 are independently transformed 
clones. The plasmid from lane 2 was used to transform A tumefaciens. 

4.7 PCR Screening of a Tobacco cDNA Library 

The underlined portion of the published Fe SOD partial cDNA sequence (Van 

Camp et al, 1990) in Figure 4.11 was used as a PCR primer to amplify the full-length 

cDNA from a cDNA library. The PCR primer is immediately downstream of the TGA 

translation stop codon (Figure 4.12) to allow the amplification of the entire coding region. 

The italicized portion was used as a probe for Southem hybridization analysis (Figure 

4.14) and library screening (Figure 5.1). 

Figure 4.13 is an agarose gel showing amplified PCR products cloned into the 

pGEM-T plasmid. Amplified cDNAs vary in size from about 200 bp (lane 12) to about 

600 bp (lane 14). The PCR products were excised from pGEM-T with Apal and Sad. 

Lanes 1 and 11 are mindlll size markers. Lane 20 is a 460 bp partial tobacco Fe SOD 

cDNA (see italicised portion of Figure 4.10) used as a probe for Southem hybridization 

analysis (Figure 4.14). 
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AAATTTGAACTCCAGCCTCCTCCTTATCCCArGG^rGCrrrGG/lGCCrC^r^rG^ 

GTAGTAGAACGTTTGAATTCCACTGGGGGAAGCATCACAGGGCTTATGTCGACAAT 

TTAAACAAGCAAATAGACGGAACAGAACTAGATGGAAAGACACTAGAAGACATAAT 

ACTTGTTACGTATAACAAAGGTGCTCCCCTCCCAGCATTCAACAATGCTGCTCAGG 

CCTGGAATCATCAGTTTTTCTGGGAATCAATGAAGCCCAACGGAGGAGGAGAGCC 

A TCTGGTGAA TTACTAGAACTAA TCAACAGAGACTTTGGTTCCTA TGA TGCA TTTGT 

TAAAGAATTTAAGGCAGCTGCGGCAACACAATTTGGCTCTGGTTGGGCCTGGCTC 

GCATACAAACCTGAAGAGAAAAAGCTTGCCTTGGTGAAAACTCCCAACGCTGAAAA 

TCCTCTTGTTTTGGGTTACACACCGCTCCTCACCATAGACGTTTGGGAGCATGCTT 

ACTATCTGGACTTTCAGAACCGGCGGCCTGACTACATATCTATCTTTATGGAG 

AAGCTCGTGTCGTGGGAAGCAGTCAGTTCTAGGCTTAAAGCAGCAACAGCTT 

GAGCTGCTTAGCGAGAAGACAG 

Figure 4.11. Partial tobacco Fe SOD cDNA sequence. The italicised portion was used 
as a probe for library screening and Southem blot analysis. The 
underlined portion was used as a PCR primer to amplify a 
tobacco cDNA library. 
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9 18 27 36 45 54 

AAA TTT GAA CTC CAG CCT CCT CCT TAT CCC ATG GAT GCT TTG GAG CCT CAT ATG 

Lys Phe Glu Leu Gin Pro Pro Pro Tyr Pro Met Asp Ala Leu Glu Pro His Met 

63 72 81 90 99 108 

AGT AGT AGA ACQ TTT GAA TTC CAC TGG GGG AAG CAT CAC AGG GCT TAT GTC GAC 

Ser Ser Arg Thr Phe Glu Phe His Trp Gly Lys His His Arg Ala Tyr Val Asp 

117 126 135 144 153 162 

AAT TTA AAC AAG CAA ATA GAC GGA ACA GAA CTA GAT GGA AAG ACA CTA GAA GAC 

Asn Leu Asn Lys Gin lie Asp Gly Thr Glu Leu Asp Gly Lys Thr Leu Glu Asp 

171 180 189 198 207 216 

ATA ATA CTT GTT ACG TAT AAC AAA GGT GCT CCC CTC CCA GCA TTC AAC AAT GCT 

H e H e Leu Val Thr Tyr Asn Lys Gly Ala Pro Leu Pro Ala Phe Asn Asn Ala 

225 234 243 252 261 270 

GCT CAG GCC TGG AAT CAT CAG TTT TTC TGG GAA TCA ATG AAG CCC AAC GGA GGA 

Ala Gin Ala Trp Asn His Gin Phe Phe Trp Glu Ser Met Lys Pro Asn Gly Gly 

279 288 297 306 315 324 

GGA GAG CCA TCT GGT GAA TTA CTA GAA CTA ATC AAC AGA GAC TTT GGT TCC TAT 

Gly Glu Pro Ser Gly Glu Leu Leu Glu Leu lie Asn Arg Asp Phe Gly Ser Tyr 

333 342 351 360 369 378 

GAT GCA TTT GTT AAA GAA TTT AAG GCA GCT GCG GCA ACA CAA TTT GGC TCT GGT 

Asp Ala Phe Val Lys Glu Phe Lys Ala Ala Ala Ala Thr Gin Phe Gly Ser Gly 

387 396 405 414 423 432 

TGG GCC TGG CTC GCA TAC AAA CCT GAA GAG AAA AAG CTT GCC TTG GTG AAA ACT 

Trp Ala Trp Leu Ala Tyr Lys Pro Glu Glu Lys Lys Leu Ala Leu Val Lys Thr 

441 450 459 468 477 486 

CCC AAC GCT GAA AAT CCT CTT GTT TTG GGT TAC ACA CCG CTC CTC ACC ATA GAC 

Pro Asn Ala Glu Asn Pro Leu Val Leu Gly Tyr Thr Pro Leu Leu Thr H e Asp 

495 504 513 522 531 540 

GTT TGG GAG CAT GCT TAC TAT CTG GAC TTT CAG AAC CGG CGG CCT GAC TAC ATA 

Val Trp Glu His Ala Tyr Tyr Leu Asp Phe Gin Asn Arg Arg Pro Asp Tyr H e 

549 558 567 576 585 594 
TCT ATC TTT ATG GAG AAG CTC GTG TCG TGG GAA GCA GTC AGT TCT AGG CTT AAA 
Ser H e Phe Met Glu Lys Leu Val Ser Trp Glu Ala Val Ser Ser Arg Leu Lys 

603 612 621 
GCA GCA ACA GCT TGA GCT GCT TAG CGA GAA GAC AG 3' 

Ala Ala Thr Ala *** Ala Ala *** Arg Glu Asp 

Figure 4.12. Translation of the partial tobacco Fe SOD cDNA. 
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7 8 9 10 

564 b p _ 

11 12 13 14 15 16 17 18 19 20 

Figure 4.13. PCR amplification of cDNAs from a tobacco library. Tobacco cDNAs 
were cut from the pGEM-T plasmid with Apal and Sad. 

Figure 4.14 is a Southem blot hybridization of the agarose gel in Figure 4.13. The 

460 bp partial tobacco Fe SOD cDNA hybridized to itself as a control in lane 20. Lane 

14 is a cDNA amplified by PCR from the tobacco cDNA library. Sequence analysis 

revealed it to be an Fe SOD cDNA (data not shown), but more sequencing will be 

required to determine if it is fiill-length. A fiiU length Fe SOD cDNA is at least 630 bp 

long (Figure 4.10). 
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Figure 4.14. Southem hybridization of PCR products amplified from a tobacco cDNA 
library. Lane 14 is a tobacco Fe SOD cDNA amplified from the library. 
Lane 20 is the partial tobacco Fe SOD cDNA probe hybridized to itself as 
a control. 
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CHAPTER V 

DISCUSSION 

5.1 Engineering Resistance to Oxidative Stress 

In order to accomplish the overall goal of producing cotton plants resistant to 

oxidative stress, the oxidative stress resistance mechanism is being analyzed in a model 

system tobacco. Tobacco is a convenient model system because of the relative ease of 

fransformation and fast regeneration times for the species. Previous work over-

expressing Cu/Zn SOD and Mn SOD in tobacco resulted in fransgenic plants with 

improved oxidative sfress resistance (Bowler et al, \99\; Sen Gupta et al, 1993a; Sen 

Gupta era/., 1993b; Schake, 1995). 

The purpose of the work presented in this thesis was to extend the current analysis 

of oxidative stress analysis to determine the importance of Fe SOD in oxidative stress 

resistance relative to the previously studied Mn and Cu/Zn isoforms. In fiiture 

experiments, tobacco plants will be transformed with two different constmcts. One will 

over-express soybean Fe SOD, while the other will over-express tobacco Fe SOD in an 

antisense orientation to inhibit translation of the native Fe SOD. 

Fe SOD cDNAs have been isolated from soybean and tobacco. The soybean 

clone is a fliU length Fe SOD cDNA. It has been cloned into an expression cassette with 

viral promoter and terminator sequences in a binary vector fox Agrobacterium-medidXtdi 
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transformation. Tobacco leaf disks have been inoculated to produce transgenic plants 

over-expressing soybean Fe SOD. 

Remaining work includes growth and breeding of a transgenic line of tobacco 

plants over-expressing soybean Fe SOD. These plants will be treated with varying 

concentrations of paraquat to induce oxidative stress. Their resistance to oxidative stress 

will be determined by detecting damage to the cytoplasmic membrane as measured by 

electrolyte leakage. Reactive oxygen intermediates often cause oxidative stress by 

damaging cell membranes. Measuring membrane leakage provides a measure of 

oxidative stress by quantifying damage to the cytoplasmic membrane. Results of these 

studies will be compared to similar studies done with tobacco plants over-expressing Mn 

and Cu/Zn SOD. 

The tobacco Fe SOD has been isolated and cloned, but it still needs to be inserted 

into an expression vector in the antisense orientation. The antisense expression cassette 

will then be inserted into a binary vector for Agrobacterium-mediated transformation in 

the same manner as the soybean Fe SOD cassette. Tobacco plants transformed with the 

antisense Fe SOD cDNA will be analyzed for oxidative stress response with the same 

procedures used to analyze soybean over-expressing plants. 

The role of Fe SOD in oxidative stress resistance will be determined by the 

response of the transgenic plants to oxidative sfress. If the plants over-expressing 

soybean Fe SOD show a dramatic increase in sfress resistance over the wild-type plants 

and the plants over-expressing the antisense tobacco Fe SOD cDNA show 
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hypersensitivity to oxidative stress, then it can be concluded that Fe SOD plays a cmdal 

role in oxidative stress resistance. 

Future studies should also include the cross-breeding of transgenic lines over-

expressing enzymes involved in oxidative sfress resistance. Cross-breeding fransgenic 

lines provides an efficient way to produce plants over-expressing various combinations of 

enzymes important to oxidative stress resistance. Once the optimum combination of 

enzyme over-expression is determined in the tobacco model system, the results can be 

applied to cotton, accomplishing the overall goal of the laboratory. 

5.2 Induction of SODs 

SOD isoforms appear to be induced by oxidative stress in the organelle where the 

isoform is located (Tsang et al, 1991). The authors exposed Nicotiana plumbaginifolia 

plants to a variety of environmental and chemical conditions known to induce oxidative 

stress. They took RNA samples from the stressed plants and performed Northem 

hybridization analysis to detect changes in the expression of each SOD isoform. 

5.2.1 Light and Cold Stress 

Plants were adapted to darkness for three days and then exposed to bright light 

(5000 Lux) for varying time periods. Fe SOD mRNA increased up to 30-fold, Mn SOD 

increased up to 20-fold, and Cu/Zn SOD increased up to 2-fold. However, this induction 

is not a typical light-mediated response because it is not controlled by phytochrome (red 
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light has no effect) and it does not fluctuate with the normal diurnal photoperiod. These 

observations suggest that SOD is induced by the stress from high light, rather than by the 

light itself. 

To determine if photosynthesis induced SOD transcription, dark-adapted plants 

were treated with 3-(3,4-dichlorophenyl)-l,l'-dimethylurea (DCMU), which prevents tiie 

reoxidation of quinone in photosynthesis. Then, the plants were exposed to bright light 

as before. DCMU dramatically reduced the induction of Fe SOD, demonstrating that 

only oxidative stress from photosynthesis induces Fe SOD. 

To measure response to chilling, plants were chilled for up to 24 hours. Plants 

that were chilled but kept in the dark showed no increase in SOD mRNA. Plants exposed 

to normal light conditions while being chilled showed a 4-fold increase in Fe SOD, while 

the other SOD isoforms remained constant, suggesting that chilling stress is mediated by 

photosynthesis and is localized to the chloroplasts. Fe SOD is the only isoform affected, 

and Fe SOD is also localized to the chloroplast. Therefore, Fe SOD is induced by 

oxidative stress in the chloroplast. 

5.2.2 Heat Stress 

Cytosolic Cu/Zn SOD is the only isoform induced by heat stress. In both cold-

stressed plants warmed to normal temperature, and in plants heated from room 

temperature to 37°C, Cu/Zn SOD was induced by up to 10-fold. Cu/Zn SOD induction 

was independent of light. Temperature increases seem to produce oxidative stress 
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exclusively within the cytosol, inducing Cu/Zn SOD. Heat shock induced cytosolic 

Cu/Zn SOD independentiy of light. The authors propose that the hydrogen peroxide 

produced by Cu/Zn SOD in the cytosol may activate the heat shock defense mechanisms. 

5.2.3 SOD Induction by Paraquat 

Paraquat readily oxidizes activated molecules within the cell, and then reduces 

oxygen to produce superoxide. In the light, paraquat takes its electrons from the 

photosystem so that damage originates in the chloroplasts. In the dark, the major elecfron 

donor may be NADPH-cytochrome P-450 reductase in the cytosol. Paraquat causes 

dramatically less damage in the dark, and the damage appears to be localized to the 

cytosol. 

Plants treated with paraquat and exposed to the light had 40-fold more Fe SOD 

mRNA, 30-fold more Mn SOD mRNA, and 15-fold more Cu/Zn SOD mRNA that 

vmtreated plants. Plants treated with paraquat and left in the dark had 12-fold more Cu/Zn 

SOD mRNA, while the Fe and Mn isoforms remained constant. The dark experiment 

clearly demonstrates that Cu/Zn SOD is induced by damage in the cytosol. In the light 

experiment, Fe SOD was induced the most, followed by Mn SOD and Cu/Zn SOD. The 

authors suggest that the damage originated in the chloroplasts, inducing Fe SOD the 

most. The damage then spread to the mitochondria and cytosol, inducing Mn SOD and 

Cu/Zn SOD less. 
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The data suggest that oxidative stress to the chloroplasts induces Fe SOD, 

oxidative stress to the mitochondria induce Mn SOD, and oxidative stress in the cytosol 

induces Cu/Zn SOD. However, the mechanism of induction remains unknown. 

5.3 Library Screening Techniques 

The initial attempt to screen the tobacco cDNA library for an Fe SOD cDNA 

utilized the method of hybridizing plaques lifted from a lawn ofE. coli (XL-1 Blue) 

infected with the XZAPII phage from the tobacco cDNA library (Stratagene Cloning 

Systems, La JoUa, CA). This screen resulted in falsely positive clones (Figure 5.1). 

Figure 5.1 is a southem blot of cDNA inserts excised from the 3 kb pBluescript vector. 

The cDNA insert from the clone in lane 1 of Figure 5.1 was the only cDNA to hybridize 

strongly to the probe (the insert from lane 2 hybridized weakly), but sequencing revealed 

that the insert in lane 1 was not homologous to the tobacco sequence. The screen was not 

specific because the tobacco Fe SOD cDNA probe used to screen the library (Figure 4.10) 

hybridized sfrongly to the vector (pBluescript). Although the probe was purified in an 

agarose gel before labeling to exclude the plasmid vector, and purified in a NACS 

column after labeling to exclude unincorporated nucleotides and very short fragments, 

some vector DNA remained in the probe and hybridized to the vector. A portion of the 

multiple cloning site flanking the cDNA insert was cut from the plasmid vector with the 

probe and labeled. The ends of the probe are then homologous to the vector, along with 

any vector fragments that may have comigrated with the probe DNA during the gel 

45 



purification. Two possible explanations for vector hybridization include: (7) some of the 

vector DNA comigrated with the probe DNA during gel purification, and (//) DNA from 

the multiple cloning site that was excised from the vector with the probe hybridized to the 

vector. 

• 

§lkWwmm — 3.0kb 

Figure 5.1. Southern hybridization of clones isolated by the plaque-screening method. 
The sequence of the cDNA from lane 1 did not match any known sequence. 

Both the tobacco probe and the soybean probe hybridize to all the vectors in each 

of the Southern blots (see Figure 4.9, Figure 4.14 and Figure 5.1). Vector hybridization 

does not seem to be dependent upon either the probe or the vector used, and seems to be 

unavoidable. Therefore, vector hybridization causes a lack of specificity when cloned 

cDNA probes are used to screen plaques from a library. 

However, vector hybridization is not a problem when one uses PCR to screen 

cDNA libraries. PCR depends primarily upon the primers used for amplification. The 
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PCR primers used are synthetic oligonucleotides, so they are immune to the purity 

problem that plagues the cloned probes used for plaque screening. 

However, amplifying cDNAs from a library poses other difficulties. The cDNAs 

in Figure 4.12 were selectively amplified from the tobacco cDNA library based on the 

specificity of the primers used. One problem with library amplification is that the 

specificity is limited to a single primer with homology to the target cDNA (usually about 

20 bp). The specificity of the probe used in Southem hybridization provides a secondary 

means of selection. Unlike plaque screening, the specificity of Southem hybridization is 

not hampered by vector hybridization because the target cDNA is separated from the 

vector by restriction digestion and gel electrophoresis. This allows specific hybridization 

to the target cDNA independently of the vector. 

Southem hybridization adds specificity to PCR cDNA library amplification. 

However, the amplified cDNAs are often only fragments of the fiiU cDNA. Both the 

PCR amplification and plaque-screening methods share the problem of incomplete 

cDNAs in the library because incomplete cDNAs result from library construction.. When 

a cDNA library is constmcted, reverse transcriptase polymerizes cDNAs from each 

mRNA (Section 3.1.1.2). If it does not extend all the way to the 5' end from the oligo dT 

primer on the 3' end, then the cDNA will only be a fragment. PCR preferentially 

amplifies shorter cDNAs so that a cDNA library with a relatively high percentage of fiill-

length cDNAs is especially important when using the PCR method. 
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The difficulties with the PCR method were overcome by amplifying from a 

quality library, cloning a large number of amplified cDNAs into the pGEM-T plasmid, 

and screening them all by Southern hybridization. This method was more efficient and 

more successful than the plaque-screening method. 
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