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ABSTRACT 

In C3  plants Phosphoenolpyruvate Carboxylase (PEPC) is primarily 

involved in the replenishment of intermediates from the Citric Acid 

Cycle that have been depleted during biosynthetic reactions. Antisense 

DNA technology has allowed the specific repression of the1enzyme. 

Three groups of plants were used in the study. Tobacco antisense 

genes under the control of a constitutive promoter (CaMV35S 

promoter),; Tobacco antisense with a promoter expressing only in 

inesophyll cells (Ca.b3 promoter); and a C4  Flaveria antisense gene 

(Cab3 promoter). 

It was found that PEPC antisense expression causes a suppression in 

growth, although individual plants showed varying degrees of 

repression. In the first part of the study it was found that Group A 

plants (short plants) showed a 30-40% reduction in chlorophyll levels 

and 25% fewer leaves than the Group B plants (tall plants) of the same 

line. 

In all lines, except line 9 there was a 15-40% reduction in 

photosynthesis levels for the Group A plants compared to the Group B 

plants. Stomatal function was not affected in any of the lines. 

The results from the PEPC activity assay showed repressed activity 

(more than 30% below average) in some individuals. These low PEPC 



activity individuals showed varying levels of photosynthesis and 

height. 

The amino acid analysis did not draw any conclusions, but indicated 

that in low PEPC individuals there is a disruption in the production of 

some amino acids. 

The results of the study indicate that the role of phosphoenolpyruvate 

carboxylase in the growth and development of the C3  tobaco plant is 

complex, and requires further study in order to gain a deeper 

understanding 
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CHAPTER ONE 

INTRODUCTION 

1.1 ROLES OF PHOSPHOENOLPYRUVATE CARBOXYLASE IN 

PLANTS 

Phosphoenolpyruvate carboxylase (PEPC) catalyses the 

b carboxylation of phosphoenolpyruvate (PEP), to yield 

oxaloacetate and inorganic phosphate. PEPC is a cytosolic enzyme 

found in all living cells, and the properties and functions of the 

enzyme differ according to the tissues involved (O'Leary1982). In 

plants with C4  and Crassalucean Acid (CAM) metabolisms the 

enzyme catalyses the primary CO2-fixation step of the C4  

dicarboxylic acid pathway. In C4  plants the enzyme is located in leaf 

mesophyll cells and the oxaloacetate formed is subsequently 

converted to malate which is then transported to the bundle sheath 

cells where it is decarboxylated. The released CO2  is subsequently 

reassimilated via ribulose 1,5 bisphosphate carboxylase/ oxygenase 

(Rubisco) in the Calvin cycle (Hatch 1987). The bundle sheath cells 

are relatively impermeable to CO2  and consequently, the CO2  

concentration in the bundle sheath cells rises. This enhances the 

carboxylation activity of Rubisco, and suppresses its oxygenation 

activity. The suppression of photorespiration and enhanced CO2  

fixation are primarily responsible for the higher growth rates 

1 



observed in C4  plants at higher temperatures, irradiance and 02 

levels when compared to C3  plants which fix CO2  directly into the 

Calvin cycle in the mesophyll cells (Andreo et al 1987). In CAM 

plants, the fixation of atmospheric CO2  by PEPC occurs during the 

cool of the night. Malate is stored in the vacuoles and released at 

night for subsequent refixation via the Calvin cycle in the light 

when the stomata are closed (Osmond 1978) This mechanism 

minimizes water loss, as the stomata are open in the cool of the 

evening and night instead of the heat of the day. 

in the leaves of C3 plants and non-autotrophic tissues PEPC does 

not play a direct role in photosynthesis. Rather, it is involved in the 

replenishment of the tricarboxylic acid cycle intermediates (i.e 

anaplerotic reactions) depleted during biosynthetic reactions. Its 

other functions include NADPH generation, recapture of respired 

carbon dioxide, malate fermentation,nitrogen assimilation and 

amino acid biosynthesis, pH maintenance and the maintenance of 

electroneutrality (Latzko and Kelly 1983). 

1.2 BIOCHEMISTRY OF PHOSPHOENOLPYRUVATE 

The reaction involves a 2 step mechanism. The first step of the 

reaction is the formation of carboxyphosphate and the enolate of 

pyruvate (Wimmer et al 1979). This step appears to be rate 

limiting and reversible. The second step would be the carboxylation 

of the enolate which is rate limiting under some conditions (O'Leary 



et al 1981). The two step mechanism was confirmed by the study 

of the configuration of the chiral thiophosphate obtained when 

(S. 160, 170)  thiophosphoenolpyruvate was used as the substrate 

in 112180 (Hansen and Knowles 1982) 

The enzymatic reaction is highly exergonic and requires the 

presence of a divalent cation, Mg2  in vivo although Mn2  can 

replace it in vitro . Other divalent cations are either less effective 

(eg CO2-'-, Fe2+ ) or are inhibitry (eg Zn, Ca2-'-, Cu2  and Sr2 ). Studies 

with the CAM plant Crassula argentea and the C4  plant Zea mays 

have shown that the active metal cofactors generated high Km  

values for both the metal ion and the substrate PEP. Ca2 , Sr2 '-, Ba2  

and Ni2  were found to competitively inhibit the enzyme with 

respect to Mg2  whilst Zn2+, Cu2 , Be2+ and Pd2+ showed a mixed-

type inhibition (Nguyen et al 1988). Wedding and Black (1988) 

investigated the role of magnesium in the binding of the substrate 

PEP and effectors of the enzyme in Crassula argentea , a CAM plant. 

It was found that the substrate PEP binds to the enzyme in the 

absence of Mg2  but that it is bound in greater quantities and more 

tightly if the metal cofactor is present. Malate inhibits the enzyme 

whilst glucose-6-phosphate (G6P) is an activator. The study found 

that Mg2  was required for G6P to bind to the enzyme but was not 

necessary for the binding of malate. 

It is known that HCO3-  rather than CO2  is one of the substrates of 

PEPC (Cooper and Wood 1971) however the form of PEP that binds 

to the enzyme remains controversial. The true form of the 

substrate in systems that require a cation co-factor but have an 

anion as the primary substrate are subject to uncertainty. The 

substrate may be the anionic uncomplexed form or the metal ion- 

3 



anion complex (Mildvan 1970). Miller et al (1968) suggested that 

the kinetic data favours the idea that the PEP and Mg2  bind to the 

enzyme separately rather than as a complex. Maruyama et al 

(1966) and Miziorko et al (1974) suggested that an enzyme-metal-

PEP bridge complex is formed in the active site. OtLeary et al 

(1981) by kinetic studies deduced that the active substrate is the 

free form of PEP not the metal-PEP complex. However further 

experimentation by Wedding et al (1988) using PEPC isolated from 

Zea mays concluded that in general the preferred form of the 

substrate for PEPC is the metal-PEP complex. Meyer et al (1990) 

studied the effect of pH on the substrate form in the CAM plant 

Crassula argentea and the C4  plant Zea mays . Using kinetic studies 

at saturating and varying concentrations of free Mg2  it was found 

that at pH8.0 both plant enzymes used the metal-complexed form 

of PEP. However at pH7.0 both the metal complexed and free forms 

of PEP could be used by the CAM plant whilst the C4  plant still only 

used the complex. With the CAM plant this loss of specificity was 

accompanied by a decrease in KmpEp  whatever the form considered 

and an increase in Vmax/ Km. The result was the opposite for the C4  

enzyme at the same pH. 

The effect of temperature on PEPC from the CAM plant, C. argentea 

and the C4  plant Zea mays was examined by Wu and Wedding 

(1987). Arrhenius plots showed that the CAM form of the enzyme 

has a linear increase with temperature whilst the C4  enzyme had an 

inflection point at 27°C. This inflection implied that the enzyme 

underwent either a conformational or aggregational change or a 

shift in the reaction mechanism to one requiring a lower activation 

level. Arrhenius plots of Km  revealed that increasing temperatures 



above 20°C caused an increase in the KmPEP  for the CAM enzyme 

whilst it caused a decrease for the C4  enzyme. Similarly the effect of 

the inhibitor malate showed opposite trends with an increase in 

inhibition with temperature for the CAM enzyme and a decrease in 

inhibition for the C4  enzyme. 

Within CAM plants PEPC was known to be active during the night 

and inactive during the day (Osmond and Holtum 1981). Using size 

exclusion high-performance liquid chromatography Wu and 

Wedding (1985) found that the PEPC enzyme present during the 

night was a tetramer structure compared to the dimer subunit 

structure present during the day. The purified dimer could be 

converted to the tetramer by concentration and exposure to Mg2 . 

The tetrameric form was found to be less sensitive to malate 

inhibition and was more strongly activated by G6P than the dimer 

was. Experimentation by Wu and Wedding (1987) provided further 

evidence of the Dimer-Tetramer interconversion. However none of 

the treatments used resulted in a complete shift of form in either 

direction, thus they proposed that some covalent modification of 

the enzyme, such as phosphorylation was required. Meyer et al 

(1989) studied the effect of phosphates and organic phosphates on 

the activity of the enzyme from the CAM plant C. argentea . Most of 

the compounds tested stimulated activity in low concentrations but 

were inhibitory at higher concentrations. They were also found to 

be competitive with G6P indicating that the effectors studied bind 

to the 36P site. The enzyme also appeared to respond to the 

complex of phosphate with magnesium. 

Early investigation of the enzyme PEPC in maize demonstrated that 

PEPC activity increased with an increase in light intensity (Hatch et 
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al 1969) Hague and Sims (1980) showed that the synthesis of PEPC 

in the leaves of maize was light stimulated. Illumination with 

22000 lumens/sq m for 80 hours brought about a five fold increase 

in the PEPC activity as well as an increase in carboxylase protein 

and incorporation of 35S  methionine into protein. Jiao and Chollet 

(1990) reported that the light induced changes in the properties of 

the enzyme from maize could be attributed to phosphorylation of 

serine-15 of the enzyme by a specific serine protein kinase (Jiao 

and Chollet 1991). Further work on the wheat enzyme (Van Quy et 

al 1991) showed that this light induced change was due to an 

alteration in the phosphorylation state of the enzyme and was 

enhanced in high NO3- conditions. Based on the responses of PEPC 

and sucrose phosphate synthase (SPS) to light and NO3-  it was 

proposed that NO3-  was either an inhibitor of P-protein 

phosphatases or the activator of protein kinases. SPS when 

phosphorylated decreases in activity (Walker and Huber 1989) 

whilst phosphorylation of PEPC enhances its activity (Budde and 

Chollet 1986, Van Quy et al 1991). Van Quy and Champigny (1992) 

showed that NO3-  has no effect per se on the enzyme-protein 

phosphatase activity. However it was found to enhance protein 

kinase activity, thus supporting the concept that NO3- or a product 

of its metabolism favours the activation of PEPC and deactivation of 

SPS in wheat thus redirecting carbon flow away from the synthesis 

of sucrose and toward amino acid biosynthesis. 



1.3 ANAPLEROTIC FUNCTION 

OAA is used as a biosynthetic starter for the formation of the amino 

acids aspartate, asparagine, lysine, homoserine, methionine, 

threonine and isoleucine. 2-oxoglutarate (20G) another citric acid 

cycle intermediate serves as a building block for glutamine, 

arginine, urea and nucleotides. (Matthews and van Holde 1987). 

Replenishment of OAA and 20G removed from the TCA cycle for 

biosynthetic metabolism is essential to maintain normal respiratory 

activity. The major anaplerotic pathway for the replacement of 

citric acid cycle intermediates is catalysed by PEPC, pyruvate 

carboxylase, and malic enzyme (Matthews and van Holde 1987). 

Thus the activity of PEPC has a direct effect on the formation of 

these amino acids and subsequent protein production. Presumably 

this activity would increase under conditions such as high nitrogen 

levels which favour amino acid and protein synthesis. Changes in 

cellular PEPC activity could conceivably affect anaplerotic function 

and impact on growth and development. Little work has been done 

on these anaplerotic reactions in plants. 

Outlaw and Kennedy (1978) investigated the role of the anaplerotic 

function of PEPC in guard cells. The stomata opens when the 

surrounding guard cells become turgid. This turgidity is achieved 

mostly by an influx of potassium ions which are exchanged for 

protons. Internal pH and charge are stabilized by the generation of 

protons during the accumulation of TCA cycle anions. This net anion 
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synthesis requires an anaplerotic step. Malate was shown to be the 

major organic anion that accumulates in guard cells during stomatal 

opening and it has been suggested that PEPC catalyses the 

anaplerotic step involved. Similarily the carboxylation of PEP is 

involved when excess cations are absorbed from the soil in the 

roots (Outlaw and Kennedy 1978). The PEPC activity in guard cells 

measured in vitro was found to be several times larger than was 

needed for anaplerotic function, which suggests that it may have a 

regulatory role in controlling stomatal aperature. 

PEPC is also involved in the assimilation of nitrogen. Vanlerberghe 

et al (1990) found that the rate of assimilation of the ammonium 

ion in nitrogen limited Selenastrum minutum (C3) had a linear 

relationship with the amount of carbon fixed by the enzyme PEPC, 

viz. 0.3 mole of carbon was fixed to each mole of nitrogen 

assimilated. As the PEPC activity increased with increasing rates of 

nitrogen assimilation there was a corresponding decline in the level 

of malate and 2-oxoglutarate but an increase in glutamine and 

dihydroxyacetone phosphate and the glutamine/glutamate ratio. It 

was further found that an increase in this ratio occurred when an 

inhibitor of GOGAT, azaserine, that was present increased PEPC 

activity in the absence of nitrogen assimilation. Thus it would 

appear that glutamate and glutamine may play a role in regulating 

the anaplerotic function. 

Van Quy et al (1991) showed that the activity of PEPC in wheat 

(C3) is affected by the concentration of nitrate present in the leaves 

as well as the irradiance. 32P  labelling showed that the light-

induced change in the properties of the enzyme was due to an 

alteration in the phosphorylated state of PEPC, which was enhanced 
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by high nitrate levels. This causes activation of PEPC whilst at the 

same time an inhibition of sucrose phosphate synthase. Nitrate 

apparently modulated the increased protein kinase/protein 

phosphatase ratio which activated PEPC in order to redirect the 

carbon flow away from sucrose synthesis and toward amino acid 

synthesis. Subsequent studies suggest that nitrate or a product of 

its metabolism promoted the light activation of the protein kinase, 

thereby phosphorylating (activating) PEPC, without actually 

affecting the phosphatase at all.(Van Quy and Champigny 1992). 

1.4 GENE EXPRESSION 

Gene expression can be regulated by changes in the level of 

transcription initiation, improved p o st- transcriptional techniques 

including mRNA stability, efficiency of translation and post-

translational modification and expression of antisense RNA. 

Naturally occurring genes have been discovered in bacteria that 

direct the synthesis of RNA that can specifically and directly control 

gene expression (Green et al 1986). This regulatory RNA is called 

"antisense RNA". The binding of the antisense transcript to the 

mRNA by base pairing to form double stranded RNA reduces the 

mRNA available for transcription (Lichtenstein 1988). In bacteria 

antisense RNA generally inhibited translation by interfering with 

the ribosome binding (Rothstein et al 1987). A 19 base sequence 

covering only the ribosome binding site in the Escherichia coil 

engineered to have resistance to RNA coliphage SP was found to 

exert a strong inhibitory effect on phage proliferation, suggesting 

that the proposed duplex formed prevents ribosome recognition 

and thus initiation. Natural examples of the antisense gene were 

found to span the ribosome binding site (Lichtenstein 1988). 

Antisense RNA are involved in the regulation of many bacterial 



functions such as plasmid replication and incompatability (Rosen et 

al 1981), osmoregulation of porin expression (Mizuno et a! 1984), 

regulation of phage reproduction (Hoopes and McClure 1985) and 

autoregulation of cAMP-receptor protein synthesis (Cossart et al 

1985). 

This discovery led to several lines of research viz., the search for 

additional systems in which antisense RNA regulation occurs 

naturally; development of systems in which artificial antisense 

genes regulate a gene of interest; and studies which probe the 

mechanisms by which antisense RNA affects regulation (Green et al 

1986). In studies with unfertilized frog eggs antisense sequences 

spanning the site for initiation of translation were found to reduce 

translation of the gene product (Lichtenstein 1988). In mammalian 

cells when antisense RNA from an incorporated gene in the 

chromosome was expressed, the inhibition was apparently due not 

to effects on the translation, but to the formation of double 

stranded RNA within the nucleus and the failure of this to be 

transported into the cytoplasm (Rothstein et al 1987). The system 

in D i c ty os tel i urn is apparently due to the formation and 

subsequent degradation of double stranded DNA. Evidently, 

different levels of the expression of the antisense RNA were 

required to achieve detectable inhibition in different species, 

indicating that the level varies with both the system and 

mechanism (Rothstein et al 1987). 

The existence of naturally occuring antisense RNA genes in 

eukaryotes has not yet been demonstrated (Green et al 1986). But 

observations on the role of intramolecular base pairing, 

intermolecular base pairing and RNA affecting translation in 
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eukaryotes may give an indication of what to expect of natural 

antisense regulation. Possible base pairing in the c-myc mRNA has 

been suggested to affect expression and explain, in part, the 

mechanism for activation of this oncogene (Saito et al 1983). 

Indeed, intramolecular base pairing may be a possible route to 

modulate gene expression in eukaryotes. In addition, proteins also 

play an important role in regulating the RNA species involved. 

Various RNA species isolated from eukaryotes were found to 

modulate translation in vitro (Heywood et al 1974; Bester et al 

1975 and Coppola et al 1983). It is possible that eukaryotic 

antisense RNA may be a small RNA in the form of a 

ribonucleoprotein having limited complementarity to the target 

mRNA (Green et al 1986). 

To understand the role of a specific gene or its regulatory 

mechanisms it is often useful to modify or eliminate the gene and 

study the resulting phenotypic effects ( Robert et al 1989). This 

could be done by introducing new and different genes into 

organisms using recombinant DNA technology. Changes to existing 

genes can occur naturally by homologous 

recombination.(Lichtenstein 1988). However such changes are non-

specific and unpredictable. In contrast antisense DNA is a DNA 

sequence that produces a RNA (antisense)transcript complementary 

to the mRNA encoded by the gene of interest. The formation of the 

double stranded RNA should selectively disrupt the normal 

processing and translation of the target gene thus antisense RNA 

can inhibit the expression of a selected gene without altering its 

transcribed message.and produce a change in phenotype. Analysis 

of these new phenotypes could provide useful information and 
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insight on the role of the gene involved. This is particularly useful 

in the study of genes for which genetic or phenotypic markers are 

not readily available (Robert et al 1989). This so called 'reverse-

genetics' technology is a powerful tool which has applications to 

gene therapy, for removing undesirable genes or replacing 

defective ones as well as applications in protein engineering 

(Lichtenstein 1988). In addition it may be used to prevent viral 

infection (Green et al 1986). 

An alternative approach to introducing an antisense gene (DNA) is 

by the direct introduction of the specific antisense RNA into 

individual cells. This is advantageous for biological systems that 

lack methods for stable transformation or promoters that can be 

used for efficient expression (Green et al 1986). Antisense RNA 

induced phenotypes have advantages over conventional conditional 

mutants as they can be created independent of temperature and 

without altering the nature of the target gene. This would enhance 

the study of diploid genetic systems where dominant mutations are 

difficult to isolate. In addition, unknown genes isolated by virtue of 

their regulatory properties or sequence homology with other genes 

could be repressed in order to identify their function or temporal 

expression requirements within defined models. This could be 

particularly useful when studying multigene families in complex 

expression systems (Green et al 1986). Antisense genes used to 

replace defective genes or remove them have been successfully 

applied to bacteria and yeast, but is less suitable to animal and 

plant systems where transformed DNA integrates randomly into 

non homologous sequences more frequently than into the target 

site (Lichtenstein 1988). 
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Ecker and Davis (1986) first demonstrated the ability of antisense 

RNA to selectively inhibit the transient expression of the bacterial 

antibiotic resistant gene encoding chioramphenicol 

acetyltransferase (CAT). Plasmids were constructed which 

contained the bacterial CAT gene, linked in both the sense and 

antisense directions, under the control of different plant gene 

promoters. Various ratios of the sense and antisense plasmids were 

inserted into carrot protoplasts via electroporation. It was found 

that transcription of the antisense genes effectively blocked the 

expression of target genes (Ecker et al 1986). Previous studies 

showed that antisense RNA inhibited expression in bacteria (Light 

et al 1982, 1983; Simons et al 1983; Coleman et al 1984; Mizuno 

et al 1984; Pestka et al 1985 and Coleman et al 1985), 

Dictyostelium (Crowley et al 1985), Xenopus oocytes (Melton 

1985; Harland et al 1985), Drosophila (Rosenberg et al 1985) and 

mammalian cells (Izant et al 1984; Izant et al 1985 and Kim et al 

1985). Thus, the inhibition of genes by antisense RNA was extended 

to include not only the bacterial and animal systems already 

studied, but also the plant kingdom (Ecker and Davis 1986). The 

mechanism by which antisense RNA inhibits expression apparently 

depends on the system studied (Rothstein et al 1987). 

An antisense nopaline synthase (nos ) gene was expressed in 

tobacco and found to be inheritable and stable (Rothstein et al 

1987). The RNA was stably expressed from the cauliflower mosaic 

virus 35S promoter (CaMV35S). Plants with introduced wild type 

nos genes were selected and transformed with the antisense nos 

construct. The nos gene activity in the antisense plants was 

reduced by a factor of 8-50. The steady state level of nos mRNA 
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was reduced in the presence of the antisense transcript indicating 

that mRNA degradation is the main mode of action for the decrease 

in expression in this system. A similar study using the bacterial 

resistance CAT gene was reported by Delauney et al 1988. Once 

again tobacco plants previously transformed with a chimeric CAT 

gene driven by the CaMV19S promoter were retransformed with 

vectors containing CAT sequences in the antisense orientation. The 

effect on the plants depended on the sequence that had been 

placed in the antisense orientation. Sequences between the coding 

region of the hygromycin-resistance gene and the 3' end of the nos 

gene exhibited a loss of CAT activity. Those with sequences 

containing no antisense CAT sequence showed no reduction in CAT 

activity. This type of study could be used to look at the position of 

regulatory regions of the gene in a phenotypic and physiological 

manner. 

van der Krol et al (1988) were the first to express antisense 

constructs against naturally occurring plant genes. A key enzyme in 

flower pigmentation in Petunia hybrida is chalcone synthase. It is 

involved in flavonoid synthesis in the flower corolla, tube and 

anthers. The antisense chalcone synthase gene was expressed in 

transgenic petunia and tobacco plants resulting in altered flower 

pigmentation due to reduced mRNA levels and subsequently 

reduced levels of the enzyme itself. The pattern of pigmentation 

varied among the different plants indicating the DNA sequences 

that border the site of insertion have an influence in a quantitative 

and qualitative manner. At about the same time Smith et a! (1988) 

published a paper detailing antisense inhibition of polyglacturonase 

(PG) in transgenic tomatoes. PG is involved in the softening of fruit 
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by partially solubilizing the pectin fraction of the cell walls. It was 

hoped that by inhibiting this enzyme the shelf life of the fruit 

might be increased. PG antisense under the control of the CaMV35S 

promoter and containing the nos marker gene was used to 

transform tomato plants. It was found that PG mRNA was 6% of 

that in untransformed fruit, and the activity of PG was found to be 

10% of the normal activity. Although this gene was sucessfully 

inhibited, the fruit overall showed no change in the rate of 

softening due to the complex physiological and biochemical changes 

that this involves. 

There are a number of studies on plants containing antisense 

constructs of the small subunit of rubisco. Rodermal et al (1988) 

used antisense analysis to study the co-ordination of nuclear and 

organelle gene expression. Rubisco coded for its small subunits in 

the nucleus (rbc S ) whilst the large subunits are encoded on the 

chloroplast DNA (rbc L ). To determine if rbc S transcripts or 

products directly or indirectly influence rbc L transcription or 

translation, antisense DNA sequences for the small subunit (rbc 5) 

were transformed into tobacco plants. It was found that there was 

a drastic reduction in the accumulation of small subunit mRNA and 

protein accompanied by a reduction in large subunit protein 

without affecting large subunit mRNA levels. Thus the large subunit 

protein appears to be regulated by translational and post-

translational factors. 

Hudson et al (1992) used an antisense DNA sequence of the small 

subunit of rubisco of tobacco to transform tobacco plants. The effect 

on rubisco activity and photosynthesis in these transgenic tobacco 

was measured. It was found that rubisco activity in the 
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transformed plants was 18% of the control (untransformed) plants. 

Soluble protein content was reduced by an equivalent amount. In 

contrast, there was no effect on phosphoribulokinase activity, 

electron transport and chlorophyll content. No effect in the stomatal 

conductance was observed and the stomata still responded to 

changes in partial vapour pressure. However, there was a 

significant reduction in carbonic anhydrase activity and the rate of 

photosynthesis was decreased by 63% and was limited by rubisco 

activity over a wide range of CO2  partial pressures. This antisense 

technology may provide another avenue for probing the linkage 

between conductance and photosynthesis if directed against 

components of the electron transport chain. 

Quick et al (1991) looked at the impact rubisco antisense had on 

photosynthesis in tobacco in ambient growth conditions. It was 

found that a reduction of 60% in the amount of rubisco present 

resulted in only a 6% reduction of photosynthesis. However the 

level of rubisco activation was increased by 60-100%. The 

ATP/ADP ratio was also increased, as was the thylakoid membrane 

energisation and the high energy state dependent energy 

dissipation at photosystem 2. A decrease in rubisco levels to 50-

20% of the norm resulted in a strong proportional inhibition of CO2  

assimilation, decreased fructose- 1,6-bisphosphate activity, (CF1)-

ATP synthase protein, NADP-malate dehydrogenase protein and 

chlorophyll, although the chlorophyll a/b ratio did not change. Flux 

control co-efficients for photosynthesis in varying light, CO2  and air 

humidity were also studied (Stitt et al 1991) and it was found that 

the control was marginally enhanced in increased CO2  or in low 

light but was decreased at high vapour pressure. 
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Fichtner et al 1993 transformed tobacco ( Nicotiana tabacum ) with 

an antisense rbcS gene. The transformed plants were grown in 

three levels of nitrogen. In high nitrogen, growth was reduced in 

parallel with the inhibition of photosynthesis when rubisco was 

decreased. In limiting nitrogen, photosynthesis was reduced 

strongly in antisense plants but growth was hardly affected. At all 

nitrogen levels the amount of starch accumulated in the leaves 

decreased and there was a large increase in the specific leaf area in 

plants with reduced rubisco. Large changes in starch content and 

leaf area were observed when the plants were grown in limiting 

nitrogen conditions thus suggesting that nitrogen and 

photosynthate availability regulate storage and allocation of 

biomass to optimum resource utilization, but achieve this via 

different mechanisms. 

Other genes to be inhibited in recent studies include inhibition of 

specific sequence areas in the nopaline synthase gene present in 

transformed tobacco (Sandler et al 1988); and inhibition of the b-

glucuronidase gene in transgenic tobacco. This suggested that a 

rapid degradation of the double stranded RNA in the cell may have 

been occurring. 

The rubisco activase was studied using antisense (Mate et al 1993). 

The activity of rubisco is modulated in response to light by 

carbamylation of the active site and the binding of sugar phosphate 

inhibitors. These are influenced by the regulatory protein rubisco 

activase. The level of this activase was reduced in tobacco 

containing antisense activase.These plants were found to be 

photosynthetically impaired and required high CO2  to sustain 

reasonable growth rates. The amount of rubisco present was twice 
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that of the control plants. 'cat  decreases in the dark due to the 

binding of CA1P ( 2'-carboxy-D-arabinitol-1-phosphate), a potent 

inhbitor of rubisco. The dark-light increase in kcat  was not affected 

but the rate of release of CA1P in the antisense plants was less than 

25% the rate of release in the controls. This indicated that activase 

is not essential for CA1P release but has a role in accelerating the 

release. 

The implications of these research findings will be taken up later in 

this study, which investigates the role of Phosphoenolpyruvate 

carboxylase in the C3  tobacco plant and its role in the growth and 

development of the plant. 



CHAPTER TWO 

MATERIALS AND METHODS 

2.1 GENERATION OF Fl ANTISENSE PEPC 

TRANSGENTC TOBACCO 

2.1.1 Construction of the Tobacco PEPC antisense constructs 

The construction of PEPC antisense constructs were done by KC 

Woo. Total leaf RNA from tobacco was isolated and used to 

synthesize cDNA with the enzyme reverse transcriptase. The 

published sequence of PEPC cDNA ( Koizumi et al ) was used to 

construct primers needed to synthesize the PEPC gene present in 

the tobacco cDNA preparation by the Polymerase Chain Reaction 

(PCR). Each of the two primer sequences used was modified to 

incorporate a restriction enzyme site without greatly affecting the 

compatibility of the primer for its complementary sequence in the 

cDNA. The 5' primer contained a Sal restriction site and the 3' 

primer contained a Bam site. The primers are detailed below. The 

underlined sequence represents the restriction site and the number 

refers to the nucleotide positions on the cDNA PEPC they would 

bind. 

HK 
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Sal primer GAAATFGCTGTCGACTFGGATACG 1565-1588 

Barn primer 1T1'AACCGGGATCCTGCAGTCCA 2929-2941 

The PCR product (- 1.5kb) obtained was purified by gel 

electrophoresis and subsequently religated (cloned) into two 

different expression vectors (plasmids) in the antisense orientation. 

The 5' end of the PCR product became the new 3' end in the 

expression cassette (Diagram 1). The two different expression 

vectors are detailed in Diagram 2. The first expression vector, 

pDH51, contained the CaMV35S promoter and terminator sequences 

as well as an ampicillin resistance marker and multicloning site 

(Multiple restriction enzyme site). The second expression cassette, 

pDUC51, contained the Cab3 promoter sequence, CaMV35S 

terminator sequence, a multicloning site and ampicillin resistance 

marker. The expression vectors containing the antisense PEPC gene 

were used to transform E.coli and the transformants were selected 

by ampicillin resistance. 

2.1.2 Construction of the Flaveria Antisense PEPC construct 

The PEPC cDNA for the C4  Flaveria trifle rvia was available in the 

NTU laboratory. It had a high homology to tobacco PEPC and was 

directly cloned in an antisense orientation into the expression 

cassette pDUC5 1. 



Diagram 1 Preparation of Antisense constructs. 

The PCR product was cloned into the expression vector in 

the antisense orientation. 
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Diagram 2 Expression Cassettes involved in the preparation of the 

Antisense constructs 

The expression vectors are pDH51 and pDUC51 
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2.1.3 Generation of the Fl Iransenic Plants 

The plasmid pDH51 containing the PEPC antisense construct 

(CaMV35S promoter) was digested with Barn and Kpnl which cut 

the vector in the multicloning site (Kpnl) and at the 5' end of the 

antisense gene. The fragment containing the antisense gene was 

religated into the binary vector pBI120 which contained the 

CaMV35S promoter, neo marker gene and the nos terminator as 

shown in Diagram 3. 

Likewise, the plasmid pDUC51 containing the antisense PEPC 

construct from tobacco and Flaveria was digested with Xba and 

Kpnl. Xba cut the vector before the cab3 promoter and Kpnl the 

multicloning site. The fragment containing the antisense gene and 

Cab3 promoter was religated into the binary vector pGA482 which 

contained the neo marker gene and nos terminator as shown in 

Diagram 4 

The binary vector allowed direct transformation of Agrobacterium 

tumificien by triparental mating (Van Haute et al 1983) and the 

subsequent transformation of antisense tobacco plants. The 

primary transformants were selected by kanamycin resistance and 

confirmed by a biochemical assay for the neo marker gene present 

in the binary vectors. These plants were grown to maturity and the 

seeds from ten different plants were collected. Six of these lines 

(lines 1-6) contained the CaMV35S promoter, three lines (lines 7-9) 

contained the tobacco antisense with the Cab3 promoter and linelO 

contained the Flaveria antisense gene with the Cab3 promoter. 
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Diagram 3 Generation of the binary vector used for tansformation 

of Agrobacterium 

The expression vector pDH51 containing the PEPC antisense 

gene was cut with Barn and Kpnl and religated to the 
binary vector pBI120. 
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Diagram 4 Generation of the binary vector used for transformation 

of Agrobacterium 

The expression vector pDUC51 containing the PEPC 

antisense gene was cut with Xba and Kpnl and religated to 

the binary vector pGA482. 
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The seeds from these ten lines were used to produce the Fl plants 

used in this study. 

2.2 PLANT CULTURE 

Seeds were germinated in seedling soil mix (2 parts peat, 2 parts 

vermiculite, 1 part sand and dolomite 430g) containing a nutrient 

mixture (5L water, mono ammonium phosphate 6.25g and 

potassium nitrate 7.5g and 7.5 g trace elements). Upon germination 

they were transplanted to larger individual containers containing 

seedling soil mix. When plants had obtained their 5th leaf they 

were transplanted into 6 inch diameter pots containing adult soil 

mix ( 2 parts sand, 2 parts peat, 1 part vermiculite, 1 part perlite, 

dolomite 240g, agricultural lime 60g) containing a nutrient mixture 

(5L water, super phosphate 30g, potassium nitrate lOg and 

- potassium sulphate lOg and 12g trace elements). They were then 

grown in 25% light (375 umol photon/sq m.$). Plants were 

fertilized with a diluted Hewitt Nutrient mix (1:200 for small 

seedlings, 1:40 for developing plants) every two weeks. 

2.3 GROWTH PARAMETERS 

Height and leaf number were determined at 8, 13, 18 weeks after 

planting. 

Chlorophyll measurements were taken using the SPAD (Minolta 

SPAD-502 chlorophyll meter), which measures chlorophyll a 

fluorescence. Chlorophyll measurements were quantified using a 
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standard curve. Three 8mm discs were removed from the region of 

the leaves where a fluorescence measurement with the SPAD had 

been determined. They were homogenised in 3mL of 80% acetone 

in a glass homogeniser. This was transferred to 1.5m1 eppendorf 

tubes (E-cups) and spun in a microfuge at top speed for 10min at 

room temperature. The absorbance of the supernatent was 

determined at 652nm. Total chlorophyll content in the samples was 

determined using Equation 1 (Arbnan 1948). A standard curve of 

chlorophyll concentration (g/sq m) against SPAD fluorescent 

readings was obtained and used to determine chlorophyll levels. 

Total chlorophyll content 

=(A652x 27.8 x extract volume)/Total disc area (ug/sqmm or g/sqm) 

2.4 PHOTOSYNTHESIS 

Photosynthesis was determined using LICOR Li6200 at irradiance 

above 600 umol photon/sq m.s. CO2  levels within the measuring 

chamber were constant at 340-390 ppm. Plants grown in shaded 

conditions were acclimated in higher light levels (600-1000 umol 

photon/sq m.$) for an hour before measurements were taken. 



2.5 PHOSPHOENOLPYRUVATE CARBOXYLASE 

ACTIVITY 

2.5.1 Enzyme extraction 

Leaf tissue (100mg) was ground with. imi of extraction buffer ( 

50mM Hepes-KOH pH 7.1, 5mM Mgc12, 1mM EDTA, luM PMSF, 20% 

glycerol,10mM DTT and 4% PVP,) at room temperature in a mortar 

and pestle. The homogenate was transferred to a 1.5m1 centrifuge 

tube (E-cup) and centrifuged in a microfuge (BHG Hermie Z229 

microfuge) at top speed for 15 minutes at 4°C. The supernatent was 

removed and passed through a Sephadex G-25 column (2-3 cm) by 

centrifugation at 2000rpm (Beckman TJ6 Centrifuge) at 4°C to 

remove DTT for protein determination. Aliquots were taken for 

protein analysis (Section 2.5.3) and the remaining solution kept on 

ice for the enzyme assay. DTT and M962  were immediately added 

back into these samples to the concentration present in the 

extraction buffer. 

2.5.2 Enzyme assay 

In a total volume of 1.2m1 the PEPC activity was determined using 

2.5mM PEP in an assay mix of 100mM Tris/112504  pH 8.0, 10mM 

Mg62, 10mM potassium hydrogen carbonate. In each case lOuL 

(4U) of MDH (malate dehydrogenase) and 0.1mM NADH. The 

reaction was followed at 340nm. Gradients were obtained for both 
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the initial and reaction curves (Diagram 5). The PEPC activity was 

determined as follows. 

PEPC activity (umol NADH ox/mg Protein.min) 

(rate b-rate a) x volume in cuvette x 1000 

mg Protein /ul 
-------------------------------------- 

extract x 6220 x extract vol (ul) 

2.5.3 Protein determination 

Protein determination of samples was determined using the 

method of Lowry et al (1951). The samples had been run through 

the Sephadex G-25 columns to remove DTT which interferes with 

the reaction giving elevated readings. BSA was used as a standard. 

20uL of extract sample was measured at 750nm using a 

spectrophotometer. Using a standard BSA curve the absorbance 

corresponded to a protein concentration (in ug). The protein 

concentration (mg/ui) was then calculated for calculation of the 

PEPC activity of that particular sample ( in nmol/mg Protein.min) 

2.6 NEOMYCTh4 PHOSPHOTRANSFERASE II ASSAY 

Leaf tissue ( 20mg, 2 x 8mm disc) were extracted with 0.2 ml of 

extraction buffer (62.5 mM Tris pH 7.0, 10% glycerol, 0.1% SDS and 

50mM DTT) using a mortar and pestle at room temperature, placed 

in an E-cup and vortexed 45-60 seconds. The samples were 

microfuged at top speed (BHG Hermie Z229 microfuge) for 5 

minutes at 4°C. Aliquots (15u1) of the supernatent were placed in a 
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fresh E-cup with 15u1 of assay mix [Total volume 30u1 containing 

25mM Tris, 12.5mM Mgc12, 0.1M ammonium chloride (pH above 

solutions to 7.1 using 1M maleic acid), 5uM ATP ( K salt), l5uM 

neomycin, 5mM sodium fluoride and 0.015uL of 32P ATP 

(lOuCi/uL) ] the solutions mixed and incubated at 37°C for 1-2 

hours. Samples (2 xl0ul applied to same point) were then spotted 

on blocked P81 Whatman paper ( blocking solution 10mM ATP and 

100mM pyrophosphate) and allowed to dry for at least an hour. 

The spots were placed on the paper on a grid, thus allowing for the 

identification of the individual samples. The paper was washed for 

20 min at 55-60°C in 1% SDS and 0.1mg/mi proteinase K followed 

by a further 20 min wash in 10mM sodium phosphate (pH 7.5). The 

filter paper was protected by a plastic film and exposed 48-60h on 

X-ray film at -80°C. The above method was adapted from 

McDonnell et al (1987). 

2.7 AM[NO ACID ANALYSIS 

2.7.1 Preparation of samples for amino acid analysis 

Leaf material (1-5g fresh weight) from selected plants was freeze 

dried and ground to a fine powder in a mortar and pestle. Samples 

(20-30 mg dry weight) were placed into a hydrolysis tube and 4m1 

of 6N hydrochloric acid was added. The solution was degassed and 

incubated at 110 °C for 24h. Upon cooling the solution was passed 

through a 0.45um filter and prefilter into a teflon lid culture tube, 

frozen at -80°C and freeze dried. After freeze drying, 3m1 of 

butanol and 0.7m1 of thionyl chloride were added, the solution 

heated at 100°C for 8 minutes and freeze dried. Resuspension in 

3m1 of dichioromethane (water free) was followed by the addition 
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Diagram 5 The reaction trace of PEPC activity assay 

Rate a is the background rate determined before 

initialization of the reaction by the substrate PEP. Rate b 

occurs when the reaction is started by the addition of PEP. 

Rate (b - a) gives a corrected value and is used to 

determine PEPC activity 
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of 0.7m1 of trifluoroacetic acid. The solution was heated for 5 

minutes at 150°C. This was then diluted in 50mL of 

dichioromethane and analysed on the Gas Chromatograph-Mass 

Spectrometer (GC-MS) (Varian STAR 3400CX) immediately. 

2.7.2 Preparation of Standard Solutions of amino acids 

The following amino acid standards were dissolved in 50m1 of 0.1M 

Hcl. 

Amino Acid m a 

Alanine 50.3 

Asparagine (Aspartic acid) 50.5 

Cystine 51.4 

Glutamate (Glutamic acid) 52.3 

Glycine 50.8 

Leucine 51.9  

Lysine 50.1 

Methionine 52.4 

Phenyl alanine 51.3 

Proline 52.6 

Serine 55.0 

Threonine 49.8 

Tyrosine 51.7 

Valine 52.3 

Two standard solutions, 0.5 and imi aliquots of the above standard 

solution, were placed in hydrolysis tubes and prepared as per the 

leaf samples (Section 2.7.1) 



2.7.3 Mass Spectrometry 

Aliquots of diluted sample (3u1) followed by a 1 ul needle purge 

volume of inert solvent were autoinjected at lOul/sec into the GC-

MS ( Varian STAR 3400CX)) in the following program: 

The samples were injected at 120°C and held at this tempeature for 

2 mm. The temperature was increased to 280°C at a rate of 

10°C/mm (16 mm) and held for a further 7 mm, giving a total run 

time of 25 mm. The mass range analysed was from 50-650 m/z 

(molecular weight/charge) and the background mass was 45 m/z. 

The mass spectrometer used Electron Impact as the ionization 

mode. 

Quantification was done using the mass spectra software Saturn 4.0. 



CHAPTER THREE 

STUDY PROPOSAL 

In C3 plants Phosphoenolpyruvate Carboxylase (PEPC) is primarily 

involved in the replenishment of intermediates of the citric acid 

cycle used for biosynthetic reactions. The aim of the study was to 

investigate the role of the enzyme in the C3  tobacco plant, 

particularly in relation to its effect on growth and development of 

the plant and to the anaplerotic function of the enzyme. 

This anaplerotic function is important, however, there have 

previously been problems involved in the study of anaplerotic 

systems within higher plants. It was not possible to specifically 

inhibit a single enzyme without affecting the other related 

enzymes. Antisense DNA technology allows for this specific 

inhibition to occur as the antisense transcript will bind to the 

normal gene transcript, thus preventing translation of the protein. 

There are other anaplerotic reactions which replenish the 

intermediates in the Citric Acid Cycle, by repressing the PEPC 

reaction. How will the other enzymes react? Will they compensate 

for the reduced PEPC activity? Will amino acid synthesis and thus 

protein synthesis be repressed? Will this affect growth? 

How the antisense will affect the PEPC activity is a primary aim of 

this study. Will the level of repression vary? To what extent will it 
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vary? What are the consequences of the repression? 

This study involves three different plant groups: tobacco antisense 

genes under the control of a constituitive. promoter (CaMV35S 

promoter); tobacco antisense with a promoter expressing only in 

mesophyll cells (Cab3 promoter); and a C4  Flaveria antisense gene 

(Cab3 promoter). One of the areas of the study will be to determine 

how the different groups are affected by the PEPC antisense. 

Finally, PEPC is present in all cells including stomatal guard cells, 

thus it may be asked, will the stomata function be affected? The 

enzyme plays a primary role in photosynthesis in C4  plants thus 

does it also have a role in photosynthesis in C3  plants? 

This study seeks to address these questions and provide an insight 

into the function of PEPC in C3  plants. 



CHAPTER FOUR 

RESULT S 

A total of approximately 200 Fl Transgenic plants were grown and 

analysed for this section of the study (Table 1). These were divided 

into 10 different lines. Lines 1-6 contained the CaMV35S antisense 

construct, line 7-9 contained the Cab3 antisense construct and line 

10 contained the Flaveria antisense construct (Section 2.1). For 

ease of measurement the plants have been divided into two groups 

Group A and B. At 8 weeks this refers to those plants that are less 

than 10cm (Group A) and those above 10cm (Group B). In all other 

data Group A refers to those plants below 40cm in height at 13 

weeks and Group B refers to those above 40 cm. 

4.1 PHENOTYPIC VARIATIONS IN F 1 TRANS GENTC 

TOBACCO 

Different phenotypes have been observed in the ten different lines 

of Fl transgenics when compared to the control plants. These 

included stunted growth (Plate 1), bleaching when grown in high 

light (Plate 2), marked veining in the leaves (Plate 3), deformed 

leaf growth (Plate 4) and severe deformity at the growth apex 
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Table 1. Experimental PEPC antisense constructs 

The table details the promoter groups, lines and the number 

of plants used in the study 



PEPC 
Antisense 
Construct 

 

Line Number of 
plants 

CaMV35S 1 20 
2 19 
3 20 
4 14 
5 24 
6 21 

Cab3 7 21 
8 24 
9 22 

Flaveria 10 26 



Plate 1 Repressed Height in the Fl transgenic tobacco. 

The plant on the right is the repressed height plant, the 

plant on the left is a control plant. 
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Plate 2 Bleaching of plant in high light. 



Plate 3 Veining of a leaf in the Fl Transgenic tobacco. 
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Plate 4 Deformed leaf growth in the Fl Transgenic tobacco. 

Plate 4a (top) shows the curled leaf deformity exhibited by 

some Fl transgenic plants, 4b (bottom) shows the 
characteristic shape (leaf on right) of some deformed 

leaves. 



i: 

A 

- 

I. 



32 

(Plate 5). Many repressed plants have similar leaf number to taller 

plants and hence appeared more compact and bushy 

4.1.1 Height 

Plants showed variable growth ranging from less than 1 cm to 

20cm at week 8 (from day of sowing). They were divided into two 

groups Group A and B for comparative purposes. Significant 

differences in height were observed between and within the 

different promoter groups at week 8 (Figure 1). All lines, except 3 

(Figure ic), showed a higher proportion (~!85%) of short plants 

(Table 2). 

At week 13, a majority (>79%) of plants did not exceed 40 cm in 

height (Group A) in lines 4-10 as shown in Figure 2 and Table 2. In 

contrast, lines 1, 2 and 3 had a greater number of tall plants (Group 

B) than the other seven lines. The number of tall plants in lines 1, 2 

and 3 were 71%, 40% and 50% respectively compared to the values 

of 21 %, 17% and 7% in lines 4, 5 and 6 within the same promoter 

group. 

The plants at week 18 were taller than at week 13, as expected, but 

there were still many individuals below 40cm in height (Figure 3). 

Line 4, 5 and 6 (CaMV35S promoter) had 43%, 37% and 47% of 

Group A plants respectively, and lines 7, 8 and 9 (Cab3 promoter) 

50%, 55% and 30% respectively (Table 2). Line 10, the Flaveria line, 

showed the greatest number of repressed plants with 71% under 

40 cm in height. In contrast, lines 1, 2 and 3 showed the lowest 



Plate 5 Severe deformity of the Fl Transgenic tobacco. 





Figurel. Height Distribution of Fl transgenics at week 8. (Graphs a-c) 

Graphs la-ic are the distributions for linesl-3 respectively 

(CaMV35S promoter). 
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Figurel. Height Distribution of Fl transgenics at week 8. (Graphs d-f) 

Graphs id-if are the distributions for lines 4-6 respectively 

(CaMV35S promoter). 
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Figurel. Height Distribution of Fl transgenics at week 8. (Graphs g-i) 

Graphs ig-li are the distributions for lines 7-9 respectively 

(Cab3 promoter). 
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Figurel. Height Distribution of Fl transgenics at week 8. (Graph j) 

Graph lj is the distribution for line 10 (Flaveria promoter). 
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Table 2. Distribution Frequency of Repressed Plants (%) at Different 

Periods of Growth. 

The data at 8 weeks refers to those plants less than 10cm in 

height whilst the data at 13 and 18 weeks refers to those 

plants under 40cm in height. 



DISTRIBUTION FREQUENCY of REPRESSED PLANTS (%) 

PEPC Antisense LINE WEEK 8 WEEK 13 WEEK 18 

Construct 
 

CaMV35S 1 85 29 8 

2 89 58 27 

3 50 50 15 

4 100 79 43 

5 94 83 37 

6 100 93 47 

Cab3 7 100 100 50 

8 96 91 55 

9 86 86 30 

Flaveria 1 10 1 100 1 91 171 



Figure2. Height Distribution of Fl transgenics at week 13.(Graphs a-c) 

Graphs la-ic are the distributions for linesl-3 respectively 

(CaMV3 5S promoter). 
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Figure2. Height Distribution of Fl transgenics at week 13.(Graphs d-f) 

Graphs id-if are the distributions for 1ines4-6 respectively 

(CaM V35S promoter). 
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Figure2. Height Distribution of Fl transgenics at week 13.(Graphs g-i) 

Graphs ig-li are the distributions for lines 7-9 respectively 

(Cab3 promoter). 
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Figure2. Height Distribution of Fl transgenics at week 13. (Graph j) 

Graph lj is the distribution for line 10 (Flaveria promoter). 
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Figure3. Height Distribution of Fl transgenics at week 18.(Graphs a-c) 

Graphs la-ic are the distributions for linesl-3 respectively 
(CaMV35S promoter). 
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Figure3. Height Distribution of Fl transgenics at week 18.(Graphs d-f) 

Graphs id-if are the distributions for lines 4-6 respectively 

(CaMV35S promoter). 
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Figure3. Height Distribution of Fl transgenics at week 18.(Graphs g-i) 

Graphs ig-li are the distributions for lines 7-9 respectively 

(Cab3 promoter). 
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Figure3. Height Distribution of Fl transgenics at week 18. (Graph j) 

Graph lj is the distribution for line 10 (Flaveria promoter). 
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proportion of Group A plants with 7.7%, 27% and 15% respectively. 

For comparison between different antisense constructs (i.e 

CaMV35S, Cab3 and Flaveria groups) the data for lines 1-6 were 

combined for the CaMV35S promoter group and those of lines7-9 

combined for the Cab3 promoter group. The results show obvious 

differences between transgenic plants containing different 

promoters (Figures 4 and 5; Table 3). At 13 weeks over 90% of the 

plants with the Cab3 promoter and the Flaveria PEPC antisense 

were still under 40cm in height, compared to 65% for plants with 

the CaMV35S promoter (Figure 4 and Table 3). At week 18, the 

number of plants under 40cm was still highest in the Flaveria 

group (71%) whilst the Cab3 group (45%) was closer to the 30% 

found for the CaMV35S group (Figure 5; Table 3) 

4.1.2 Chlorophyll Content and Leaf Number 

Chlorophyll levels are quite constant between plants within Group 

A and B but there is a significant difference between the values 

obtained for the two groups (Table 4). The values in Group B are 

consistently higher than those obtained in Group A. The same trend 

between promoter groups can be seen in the data on leaf number 

(Table 4). On the average, the plants in Group A have 25% fewer 

leaves than those in Group B. 



Figure4. Height Distribution within groups with different antisense 

constructs at week13 

The graphs show analysis of the height distribution within 

each antisense construct group. The groups CaMV35S, Cab3 

and Flaveria are represented on Figure 4a, 4b and 4c 

respectively. 
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Figure5. Height Distribution groups with different antisense 

constructs at week 18 

The graphs show analysis of the height distribution within 

each antisense construct group. The groups CaMV35S, Cab3 

and Flaveria are represented on Figures 5a, 5b and 5c 

respectively. 
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Tab1e3. Distribution Frequency of Repressed Plants in Different PEPC 

antisense constructs 

Table summarizes thô number of repressed plants in each 

promoter group as a percentage. 



DISTRIBUTION FREQUENCY of REPRESSED PLANTS (%) 

PEPC Antisense WEEK 13 WEEK 18 

Construct  

CaMV35S 65 30 

Cab3 92 45 

Flaveria 91 71 



Table 4. Leaf number and Chlorophyll data collected at week 13. 

Group A refers to plants under 40cm in height whilst 

Group B refers to those over 40cm in height. 'nt is the 

number of measurements used to obtain the average 

values and the std errors. These are the same for both 

the Leaf Number and Chlorophyll level measurements. 



PEPC Antisense LINE 
Construct 

 

CHLOROPHYLL g/sq m LEAF NUMBER 

GROUPA GROUPB GROUPA GROUPB 

CaMV35S 1 0.14 ± 0.016 (n=5) 0.22 ± 0.011 (n=12) 11.6 ± 0.98 16.1 ± 0.67 

2 0.15 ± 0.015 (n=1O) 0.22 ± 0.013 (n=9) 13.6 ± 2.50 15.9 ± 0.51 

3 0.20 ± 0.018 (n=1O) 0.27 ± 0.021 (n=1O) 11.8 ± 0.79 17.2 ± 0.76 

4 0.19 ± 0.006 (n=11) 0.27 ± 0.022 (n=3) 12.2 ± 0.40 16.3 ± 1.20 

5 0.17 ± 0.009 (n=15) 0.28 ± 0.022 (n=3) 13.1 ± 0.45 16.3 ± 1.20 

6 0.18 ± 0.007 (n=18) 0.23 ± 0.006 (n=2) 12.9 ± 0.51 18 

Cab 3 7 0.19 ± 0.005 (n=21) 14.4 ± 0.31 

8 0.19 ± 0.007 (n=20) 0.28 ± 0.021 (n=2) 13.8 ± 0.41 21.0 ± 3 

9 0.20 ± 0.005 (n=19) 0.29 ± 0.007 (n=3) 13.5 ± 0.22 18.3 ± 0.88 

Flaveria 10 0.16 ± 0.010 (n=20) 0.21 ± 0.019 (n=2) 10.3 ± 0.45 15.5 ± 0.5 



4.2 PHYSIOLOGICAL VARIATIONS IN Fl 
TRANSGENTC TOBACCO 

4.2.1. Photosynthesis and Stomatal Variation 

Table 5 shows data related to photosynthesis and stomatal 

conductance, taken at week13. Higher photosynthesis was observed 

in Group B and the values obtained were significantly higher than 

those in Group A except in Line 9 which, presumably, was 

associated with a faster growth rate in Group B. Variations within 

the promoter groups CaMV35S and Cab3 were observed. For 

example, the photosynthesis rate in Line 1 was 8.5 ± 0.35 umol/sq 

m.s compared to a rate of 6.8 ± 0.96 umol/sq m.s in line 3. There is 

little apparent difference in stomatal conductance between the 

different height as well as promoter groups. 

Table 6 shows the values of the Ci/Ca ratio estimated during 

photosynthesis. There is little difference in the values both 

between Group A and B and between the different promoter groups 

although lower values were obtained for line 8 (Cab3 promoter 

group). The reason for this low value is not clear. 

4.2.2 Relationship between Photosynthesis and Chlorophyll 

Increases in chlorophyll content in a leaf is, within limits, usually 

34 



Table 5. Photosynthesis and Stomata! Conductance of Fl 

Transgenics at week 13 

Group A refers to plants under 40cm in height whilst 

Group B refers to those over 40cm in height. 'n' is the 

number of measurements used to obtain the average 

values and the std errors. These are the same for both 

the photosynthesis and Stomata! Conductance 

measurements. 



PEPC Antisense Line 
Construct 

 

PHOTOSYNTHESIS umol/sq m.s CONDUCTANCE mmol/sq m.s 

GROUPA GROUP B GROUPA GROUP B 

CaMV35S 1 8.5 ± 0.35 (n=5) 9.9 ± 0.84 (n=12) 0.32 ± 0.043 0.38 ± 0.038 

2 7.0 ± 1.14 (n=1O) 10.3 ± 0.92 (n=9) 0.25 ± 0.044 0.37 ± 0.040 

3 6.8 ± 0.95 (n=1O) 10.8 ± 1.46 (n=1O) 0.20 ± 0.030 0.35 ± 0.056 

4 7.4 ± 0.55 (n=11) 9.1 ± 1.44 (n=3) 0.25 ± 0.036 0.33 ± 0.083 

5 7.7 ± 0.58 (n=15) 9.0 ± 0.29 (n=3) 0.30 ± 0.031 0.32 ± 0.44 

6 7.7 ± 0.49 (n=18) 9.1 ± 1.28 (n=2) 0.30 ± 0.024 0.39 ± 0.111 

Cab 3 7 8.1 ± 0.27 (n=21) 0.30 ± 0.021 

8 8.4 ± 0.64 (n=20) 11.2 ± 1.02 (n=2) 0.24 ± 0.026 0.19 ± 0.010 

9 10.5 ± 0.54 (n=19) 10.2 ± 0.48 (n=3) 0.35 ± 0.017 0.26 ± 0.016 

Flaveria 10 7.8 ± 0.51 (n=20) 9.7 ± 1.09 (n=2) 0.28 ± 0.025 0.39 ± 0.098 



Table 6. Ci/Ca values at week 13 

Ci is the intercellular and Ca, the atmospheric concentrations 

of CO2. Group A refers to plants under 40cm in height, Group 

B above 40cm in height. 'n' is the number of measurements 

used to determine the average and std error. 



CUCa 

PEPC Antisense LINE GROUPA GROUPB 

Construct 
 

CAM V35S 1 0.84 ± 0.012 (n= 5) 0.84 ± 0.008 (n=12) 

2 0.83 ± 0.016 (n=1O) 0.84 ± 0.009 (n=9) 

3 0.81 ± 0.012 (n=1O) 0.83 ± 0.014 (n=1O) 

4 0.81 ± 0.014 (n=11) 0.82 ± 0.173 (n=3) 

5 0.83 ± 0.016 (n=15) 0.83 ± 0.023 (n=3) 

6 0.85 ± 0.844 (n=18) 0.84 ± 0.017 (n=2) 

Cab3 7 0.83 ± 0.009 (n=21) 

8 0.74 ± 0.041 (n=20) 0.71 ± 0.044 (n=2) 

9 0.83 ± 0.006 (n=19) 0.78 ± 0.016 (n=3) 

Flaveria 10 0.82 ± 0.009 (n=20) 0.84 ± 0.014 (n=2) 
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correlated with increases in its photosynthetic capacity. The 

relationship between photosynthesis and chlorophyll (Figure 6) 

does not show a significant correlation for plants in the CaMV35S 

(Figure 6a and 6b) or Cab3 (Figure 6c) promoter groups, with r2  

values of 0.194, 0.174 and 0.168 respectively for Figures 6a, 6b 

and 6c. There is, however, a positive correlation (r2  = 0.521 ) for the 

Flaveria construct group (Figure 6d). Chlorophyll levels for the 

CaMV35S and Cab3 promoter groups are limited to a small range, 

whilst the level of photosynthesis is quite broad, indicating that 

there is not a correlation between chlorophyll levels and 

photosynthesis in Group A plants. 

4.2.3 Relationship between Leaf Number and }IIeiht 

Figure 7 shows the relationship of leaf number vs height. There is 

no correlation between leaf number and height in Group A (small) 

plants of the CaMV35S (r2  = 0.078) or Cab3 (r2  = 0.251) promoter 

groups (Figure 7a and 7c). This is not the case for the Group B 

(large) plants of the CaMV35S promoter or the Flaveria group 

(Figure 7b and 7d). Both of these show a positive correlation 

between height and leaf number (r2  = 0.445 and 0.504 

respectively). 



Figure 6. Relationship between Photosynthesis and Chlorophyll in Fl 

transgenic tobacco with the CaMV35S promoter 

Graph 6a and 6b represent the relationships for Group A 

plants (less than 40cm) and Group B plants (above 40cm) 

respectively. The r2  values are 0.194 and 0.174 respectively 

for 6a and 6b. 
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Figure 6. Relationship between Photosynthesis and Chlorophyll in Fl 

transgenic tobacco 

Graph 6c and 6d respectively represent the relationships for 

the Cab3 promoter and Flaveria promoter Group A (under 

40cm) plants. The r2  values are 0.168 and 0.521 

respectively for 6c and 6d. 
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Figure 7. Relationship between Leaf Number and Height in Fl 

transgenic tobacco with the CaMV35S promoter 

Graph 7a and 7b represent the relationships for the Group A 

(less than 40cm) and Group B plants (above 40cm) 

respectively. The r2  values are 0.078 and 0.445 respectively 

for 7a and 7b. 
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Figure 7. Relationship between Leaf Number and Height in Fl 

transgenic tobacco 

Graph 7c and 7d respectively represent the relationships for 

the Cab3 promoter and Flaveria promoter Group A (under 

40cm) plants. The r2  values are 0.251 and 0.504 
respectively for 7c and 7d. 
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4.2.4 Relationship between Photosynthesis and Stomata! 

Conductance 

Figure 8 shows the relationship of photosynthesis vs stomata! 

conductance. All of the groups showed a positive correlation 

between photosynthesis and conductance. Both Group A and B 

plants containing the CaMV35S promoter showed the highest 

correlation with r2  values of 0.604 and 0.681 for group A and B 

respectively (Figure 8a and 8b). The values obtained for the Cab3 

and Flaveria groups are slightly lower, 0.477 and 0.382 

respectively (Figure 8c and 8d). The results of the stomatal 

responses in these Fl transgenic plants indicate that the stomata 

appear to function normally. 

4.3 ANALYSIS OF Fl PHENOTYPES EXPRESSING THE 

NEO MARKER GENE IN THE ANTISENSE PEPC 

CONSTRUCTS. 

A second experiment was carried out to identify genotypes which 

are expressing PEPC antisense activity. This was done using a 

simple biochemical assay of the neo marker gene in the antisense 

PEPC construct. A positive test indicated that the construct was 

present and the neo gene was being expressed. A negative result, 

however, did not necessarily mean that the construct was absent, 

nor that the antisense was not being transcribed. Rather, a negative 

test may have been a result of the disfunctioning of the gene 

WZ 



37 

promoter or the instability of the gene product. For comparative 

reasons, the plants were divided into those that tested positive to 

NPT and those that tested negative. 

Because of practical constraints, only select lines of the two main 

promoter groups, CaMV35S and Cab3 were used. Line 3 (CaMV35s 

promoter) was chosen as it had a high proportion of large "wildt' 

type plants in contrast to Line 6 which contained a substantial 

proportion of Group A plants. Lines 7-9 which contained the Cab3 

promoter were chosen since they had the highest proportion of 

Group A plants. All plants were grown at 375 umol photon/sq m.s 

as in the previous experiments. Plants were analysed at week 13. 

All plants were tested for the NPT assay. Wild type W38 plants 

were used as controls. 

4.3.1 Neomycin Phosphotransferase II Assay 

Plate 6 shows the individuals that had tested positive or negative 

to the neo marker gene. Diagram 6 is a diagrammatic 

representation of the results in Plate 6. Each spot represents a plant 

which had tested positive to the marker gene. The intensity of the 

spot was proportional to the expression of the gene within the 

plant. The absence of a spot indicated a negative result. 

The results are summarized in Table 7 which shows the proportion 

of NPT positive plants in each of the lines. Included is the range of 

heights of these plants. Lines 3 and 6 (CaMV35S construct) had a 

much higher proportion of positive plants than the Cab3 lines. The 



heights of the plants varied in the different lines although none of 

the plants exceeded 20cm in height. 

4.3.2 Phenotypic Variation of the Fl Transgenic tobacco 

Leaf chlorophyll levels were constant within all the lines as 

indicated by the small standard errors on Table 8. There was not a 

significant difference in chlorophyll level between the NPT positive 

and negative plants, with both groups showing an overall decrease 

in chlorophyll when compared to the control W38 plants. The 

plants with the CaMV35s promoter construct, showed a significant 

difference in both the NPT positive and negative plants, with line 3 

having a much higher level of chlorophyll in both groups. 

The values for leaf number indicated that there was little 

difference between plants tested negative and those tested positive 

to the neo marker gene in all lines (Table 8). There was no 

significant difference between the values and that obtained for the 

control W38 plants. 

4.3.3 Physiological Variations of the Fl Transgenic Plants 

As can be seen in Table 9 there was no significant difference in the 

rates of photosynthesis between the NPT positive and negative 
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plants of Lines 3, 6, 7 and 9. The single plant in line 8 that tested 

positive showed a significant difference in Photosynthesis. There 

was however an overall trend, for both NPT positive and negative 

results were lower than the control W38 plants. Within this table 

the standard errors of the NPT positive plants was quite large and 

indicated a large difference between the individual plants 

surveyed. This was in fact the case with large differences within 

lines being observed for photosynthesis rates. The differences were 

not as large in the NPT negative groups. 

There were no significant differences in the values of stomatal 

conductance as observed on Table 9 suggesting that the NPT-

positive plants exhibited normal stomatal mechanisms. 

A plot of photosynthesis vs conductance (Figure 9) was determined 

for those plants that tested negative and those that tested positive 

to the n e o marker gene. The results showed a weaker correlation 

in the plants that tested negative (r2  = 0.295) than was observed 

for the Group A plants for all of the promoter groups in the 

previous study (Figure 8a, 8c and 8d; Section 3.2.4). The NPT 

positive plants however showed a regression value (r2  = 0.381) 

similar to that found previously for the Flaveria group (Figure 8d). 

4.3.4 Analysis of Phosphoenolpyruvate Carboxylase Activity 

Table 10 shows the PEPC activity determined in leaf extracts from 

NPT positive and negative plants. There were no apparent 

significant differences between the 2 groups of plants. However 



there were significant differences between lines 3 and 6 which 

were from the same promoter group. The average PEPC activity for 

all the groups was 17 nmol/mg Protein.min. NPT positive 

individuals with PEPC activity 30% less than this were identified. 

The characteristics (PEPC activity, photosynthesis, stomatal 

conductance, and height) of these individuals are summarized in 

Table 11. 

The lowest PEPC activity was observed in the CaMV35S plant #6-3 

which was 70% lower than the average. But this plant also had a 

high photosynthesis rate, 12.46 umol/sqm.sec. The lower 

photosynthesis rates were on average about 7 umol/sqm.sec, 40% 

lower than the values for the plants 6-3 and 6-11. The highest 

levels of conductance were in plants 6-11 and 3-8. The average of 

the other plants was 50% lower than these two measurements. 

Chlorophyll was constant and the heights varied from 2cm to 25cm. 

These values were all taken at 13 weeks and all of the plants in the 

group were less than 40cm in height. Only one of the ten plants in 

this table contained the Cab3 construct. It also has the highest 

PEPC activity although the other functions had values similar to 

most of the other plants. 

4.3.5 Amino Acid Analysis 

A quantitative analysis of amino acid content was done on six 

different plants, these plants were from both promoter groups and 

had tested either negative of positive. Table 12 summarizes this 

data and includes the PEPC activity in nmol/mg Protein.min 
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The results of the quantification can be seen in Table 13. The 

quantitation was done using a mass spectrometer method (Section 

2.7). The units for the quantification were mg of amino acid/g dry 

weight. From the table it can be seen that Valine is the amino acid 

present in the largest concentration in all plants except 1-13 where 

Aspartic acid is in the greatest quantity. Generally methionine was 

present in the lowest concentration. The amino acid quantities were 

fairly constant except in the samples 6-13 and 1-13. In sample 6-

13 there were significantly lower quantities of Alanine, Glycine, 

Leucine, Proline, Phenyl alanine and Tyrosine. In contrast, the 

quantities of Valine, Leucine and Proline are much greater in 

sample 1-13. 

A discussion of these various findings is given in the Chapter which 

follows. 



Table 13. Quantification of Amino acids for individual plants 

The quantification was a mass specteometry method, the 

amino acid quantities are mg amino acid/g dry weight. 



QUANTIFICATION OF AMINO ACIDS PRESENT IN INDIVIDUAL PLANTS 
mg amino acid/g dry weight 

AMINO ACID   INDIVIDUAL PLANTS  

3-13 4-14 1-13 6-13 9-6 8-16 
12.9 11.9 14.3 6.2 14 12 Alanine 

Glycine 9.4 9.3 7.2 3.0 16.2 8.7 
Threonine 5.8 6.1 7.2 5.8 6.2 

Serine 11.7 13.7 18.7 11.6 12.5 13.8 

Valine 18.0 21.3 47.6 19.8 18.4 19.3 

Leucine 17.0 16.8 21.5 9.0 16.5 16.8 
Proline 17.3 14.2 22.4 9.7 14.8 13.3 
Methionine 0.5 0.2 0.8 1.6 

Aspartic Acid 14.8 11.2 66.35 15.9 9.6 12.2 
Phenyl alanine 11.1 9.5 8.4 3.8 8.9 11.1 

Tyrosine 5.1 5.4 3.5 1.6 4.5 6.4 

Lysine 11.7 24.9 20.7 10.4 13.6 10.8 

Glutamic acid 8.2 6.9 9.7 10.6 7.2 



CHAPTER FIVE 

DISCUSSION 

The advent of antisense DNA technology has provided molecular 

biologists with a method to alter, neutralize or remove the effect of 

a gene without changing the structure or composition of the natural 

gene present in the organism (Lichtenstein 1988). This method 

provides greater accuracy as the antisense product is specific and 

makes it possible to investigate the role of specific sequences of 

DNA within the organism-in this case, the role of PEPC in tobacco. 

Tobacco is a C3  plant, and the primary role of PEPC is in the 

maintenance of intermediate levels in the Citric Acid Cycle, in order 

to maintain mitochondrial respiration. The enzyme catalyses an 

anaplerotic reaction. Because of intrinsic difficulties little research 

has been done on anaplerotic functions within C3 plants. This study 

seeks, firstly, to investigate the systems affected when this gene is 

repressed within the plant and secondly to examine the nature and 

manner of these responses. 

W38, the tobacco line used for transformation is self seeding and 

highly homozygous, such that more than 99% of the plants grow to 

the same height and look exactly the same. This allowed easy 

selection of new phenotypes. 

Ten different lines of plants were investigated. Six of these lines 
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(Linesl-6) had tobacco antisense under the control of a CaMV35S 

promoter, a constituitive promoter, expressed by the plant in all 

tissues. Three lines (Lines 6-9) had a tobacco antisense gene under 

the control of the Cab3 promoter, a promoter which is only 

expressed in the mesophyll cells. It is not known if this promoter 

will also express in stomatal guard cells. The final line of plants 

(line 10) contained a C4  Flaveria antisense gene under the control 

of the Cab3 promoter. 

The different phenotypes expressed were the result of many 

factors and as such showed the overall effect of the repressed gene 

on the plant system. In order to further understand the phenotypic 

changes different levels of examination were undertaken. These 

included phenotypic changes such as height, leaf number and 

chlorophyll content, physiological measurements such as 

photosynthesis and finally metabolite measurements such as amino 

acid content. 

The most dramatic effect of PEPC antisense expression was the 

suppression of plant growth. Repressed plants were found in all the 

lines, but differences were observed between and within the lines 

as well as between the different promoter groups. Some, such as 

lines 7, 8 and 9, showed a higher percentage (>85%) of repressed 

plants than the others. There were differences between the 

promoter groups. The Cab3 promoter group (1ines7-9) showed a 

higher overall percentage of repressed plants (Figure 4b and 5b) 

when compared to the CaMV35S promoter group (Figure 4a and 

5a). This was not as had been expected since it was assumed that a 

constituitive promoter would also have affected the PEPC activity in 



other cells, particularly the root cells and, therefore, produced a 

greater repression. It is known that the carboxylation of PEP is the 

anaplerotic step in roots leading to the formation of malate which is 

required to maintain the ionic balance when excess cation is taken 

up (Jackson and Coleman 1959; Jacoby and Laties 1971). If the 

activity of PEPC was disrupted one would expect the function and 

ionic balance in the root cells to be affected and, potentially, 

growth. It is conceivable that other mechanisms or reactions 

producing malate might increase to compensate for decreased PEPC 

activity. This would help to maintain the ionic balance and thus 

allow normal cellular function to continue in the root cells. However 

it is still unclear why the Cab3 promoter group, compared to the 

CaMV35S promoter group, showed a higher proportion of repressed 

plants. 

During the course of the study several different growth responses 

were observed in the Fl plants. The majority of the plants reached 

maturity and produced seeds. Growth occurred in four different 

ways. The first group were the 'normal' plants that grew at rates 

comparable to the controls and seeded. The second group reached 

maturation at the same time as these 'normal' plants, but at a 

greatly reduced height. The third group reached maturity several 

weeks after the 'normal' plants. This group was considered to be 

truly repressed. The final group showed repressed height in the 

early stages of the experiment but managed to 'escape' the 

constraints of the antisense and achieve 'normal' rates of growth. 

They reached maturity shortly after the 'normal' plants, but before 

those of the third group. These plants did not reach the heights of 
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the 'normal' plants due to their slow start. 

The wide variation may be due to the way in which the antisense is 

inherited and/or expressed. Each line is derived from an individual 

primary transformant, and although antisense is known to be 

stably inherited (Rothstein et al 1987) the manner in which it is 

partitioned during reproduction has not been characterised. An 

alternative theory involved the response of the individual plants to 

the antisense repression. 

The leaf chlorophyll content of the Fl plants showed little 

difference within Group A (short plants) or Group B (tall plants). 

However there was a difference between Group A and B, with 

Group B showing a consistently value in all lines (Table 4). In 

contrast, Hudson et al (1992) reported no change in the chlorophyll 

content when an antisense RNA to the rubisco subunit was present 

in tobacco. The Group A plants in the present study show a 30-40% 

reduction in chlorophyll level suggesting that PEPC may have a role 

(in providing the carbon skeleton?) in the production of 

chlorophyll. Together with the observed veining of the leaves 

(Plate3), PEPC appears to also have an influence on the distribution 

of chlorophyll. This veining may be due to the absence or reduced 

levels of chlorophyll within individual cells indicating that in these 

cases some cells can maintain chlorophyll levels whilst others are 

unable to do so. 

The leaf number also varied in the same manner as chlorophyll 

content, with Group A having 25% less leaves than Group B plants 

in the same line (Table4). The relationship between leaf number 



and height (Figure 7) indicated that the Group A plants of the 

CaMV35S and Cab3 promoter groups showed no correlation 

between height and leaf number with r2  values below 0.3 (Figure 

7a and 7c). These results however were of different forms. The 

Group A CaMV35S plants (Figure 7a),due to the linear scattering of 

the points, indicated that the leaf number remained relatively 

constant up to a height of 40cm. This was in contrast to the random 

scattering seen in the Cab3 promoter group (Figure 7c). The results 

obtained for the Group B plants with the CaMV35S promoter 

(Figure 7b) and the Group A plants containing the Flaveria 

construct (Figure 7d) showed positive correlations between height 

and leaf number, with r2  values of 0.445 and 0.504 respectively. 

This indicated that the Flaveria antisense managed to maintain the 

relationship between height and leaf number whilst the tobacco 

antisense apparently disrupted this relationship causing scattering 

of leaf number in the Cab3 promoter group, and constant leaf 

number in the CaMV35S promoter group. 

Together with the observed deformity in leaf growth (Plate 4a, 4b 

and 5) the above results indicated that PEPC plays an important 

role in the growth and development of leaves in tobacco plants. In 

contrast, plants in which the synthesis of the small subunit of 

rubisco was repressed by antisense (Hudson et al 1992) showed no 

difference between the leaf numbers of the antisense and control 

plants. The difference in the leaf number between the PEPC 

antisense plants and the small subunit of rubisco antisense plants 

can be linked to the anaplerotic role of the enzyme in C3 plants. If 

PEPC is inhibited, then the quantity of intermediates in the Citric 
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Acid Cycle available for amino acid synthesis and subsequent 

protein synthesis is likely to be reduced. Presumably this decrease 

could lead to deformity in severe cases as shown by this study. 

Under these conditions, leaf area would also be affected but this 

was not studied. In most cases, the investigator did not see any 

obvious change in leaf area of the Fl plants. It is quite possible that 

Group A plants reduced the number of leaves and kept the size 

'normal' rather than maintaining higher numbers of smaller leaves. 

Group A plants (except for line 9) also showed rates of 

photosynthesis 15-40% below the rates obtained for Group B plants 

of the same line (Table 5). Other studies with antisense RNA for the 

rubisco small subunit have shown decreased photosynthesis rates 

(Quick et al 1991; Hudson et al 1992; Fichtner et al 1993). The 

level of inhibition varied from 6% (Quick et al 1991) to 63% 

(Hudson et al 1992). The evidence in this study indicates that the 

expression of antisense PEPC activity in tobacco plants affects the 

photosynthesis rate of these plants. 

Stomatal conductance is usually correlated to an increase in 

photosynthesis rates. The stomatal aperature increases when the 

guard cells surrounding the stoma become turgid. In Vicia faba 

turgidity is achieved by the influx of K+ ions (Fisher 1968) which 

are exchanged for protons. Internal charge and the pH of the cell 

are stabilized in part by anions of the Citric Acid Cycle produced by 

the generation of protons (Outlaw and Lowry 1977). Net synthesis 

of these anions requires an anaplerotic reaction. Outlaw and 

Kennedy (1978) propose that PBPC catalyses this anaplerotic 

reaction in the guard cells thereby regulating stomatal opening. If 



the anaplerotic step is disrupted then abnormal stomatal activity 

might be observed. This was not found in any of the Group A plants 

nor was it evident in the Group B plants containing the CaMV35S 

promoter. These groups showed positive correlations between 

photosynthesis and stomatal conductance (Figure 8) with r values 

above 0.6. 

There may be several explanations as to why no abnormal function 

of stomata was observed in the repressed plants. Firstly, it is not 

known if the CaMV35S or Cab3 promoters are expressed in the 

stomatal guard cells. If the promoter does not function then the 

antisense will not be transcribed in these cells and no repression of 

PEPC activity will occur. This is the most likely explanation at 

present. But stomatal regulation depends on many factors and 

there are alternative pathways and reactions for producing the 

citric acid cycle anions. The cell could possibly compensate for the 

reduced PEPC activity by increasing the activity of these other 

enzymes, in order to maintain normal stomatal function. 

Plants that were tested positive to the neo marker gene would 

most likely be transcribing the antisense construct present in the 

cell. On the other hand, a negative NPT test does not necessarily 

mean the absence of the construct nor that the antisense was not 

being transcribed. Rather, the negative results could be due to the 

instability of the neo gene product or to a malfunction of the neo 

gene promoter. 

Individuals testing NPT positive and posessing low PEPC activity 

are presumed to be expressing antisense PEPC activity. The 



individual with the lowest PEPC activity is 6-3, from line 6 

containing the CaMV35S promoter (Table 11). However, 

photosynthesis is high in this plant compared to the other 

individuals represented on the table. Plants 6-14 and 3-12 have 

comparible rates of PEPC activity to 6-3, but their photosynthetic 

rate is almost half that of 6-3. The latter appears to have overcome 

the effect of antisense PEPC repression presumably by 

compensating the decrease in PEPC activity with increased 

activities of other enzymes associated with anaplerotic function. 

Alternatively, the plant might have optimized its photosynthesis on 

a unit area basis independent of PEPC level in the cell. Even with 

reduced PEPC activity 6-3 is still one of the taller plants on the 

table, possibly due to the increased rate of photosynthesis. Plant 6-

11, which has the highest photosynthesis level and second highest 

PEPC activity on the table is of a comparable height to 6-3. The 

plant does however appear to be different as the stomatal 

conductance is much higher than the majority of other values on 

the table. If the stomata are unaffected in this plant, as the 

previous evidence appears to suggest then the increased 

photosynthetic rate may be due to this reason not optimization of 

photosynthetic capacity as appears to be the case with 6-3. 

Individual 3-8 also has a high stomatal conductance, yet the 

photosynthetic rate is comparable to the average of the plants on 

the table. Thus a limiting concentration of CO2  is not the cause for 

this level of photosynthesis as would be the case in p1ants3-12 and 

2-13. Hence it can be concluded that the PEPC antisense must be 

causing the difference by inhibiting the photosynthesis in some 

manner. 
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The four smallest plants on the table 6-14, 6-8, 6-4 and 6-6 have 

comparable levels of stomatal conductance and photosynthesis rate 

thus these could not be the cause of the height difference. There is 

however a difference in the PEPC activities with 6-14, the smallest, 

having the lowest PEPC activity whilst 6-6, the largest of the four 

has the highest PEPC activity. Within this line, with photosynthesis 

and stomatal conductance constant, the trend appears to be that an 

increase in PEPC activity means an increase in height. 

Unfortunately not enough individuals 0  of the other lines are present 

in order to determine if this is the case in the other lines. 

Amino acid data on these interesting individuals in Table 11 was 

not available however the plants used for the amino acid 

determination are from both the NPT positive and negative groups 

and cover a broad range of PEPC activities (Tablel3). Plant 6-13 

has lower levels of the following amino acids: alanine, glycine, 

leucine, proline and phenyl alanine. The primary pathways for the 

production of these amino acids are from the citric acid cycle 

intermediates OAA and 2-OG which would be affected by a 

reduction in PEPC activity. Alanine is primarily formed from 

pyruvate. Plant 6-13 also had the lowest PEPC activity (40% below 

average) although it tested negative to the neo marker gene. It is 

tempting to speculate that the antisense PEPC has affected these 

amino acids levels in the cell. However a reduction in glutamate 

was not seen in this plant. This is the primary amino acid 

synthesized from 20G and is the precursor of glutamine, proline, 

histidine and tryptophan. Proline level was affected and the PEPC 

antisense may still be affecting the synthesis of the proline, but in a 
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manner different than was assumed. Similarly the primary amino 

acid formed from OAA is aspartate, present in the amino acid 

analysis as aspartic acid. There does not appear to be a decrease in 

this amino acid, thus once again there may be another way that the 

reduced PEPC activity is affecting the synthesis of these amino 

acids. 

Plant 9-6 tested positive to the neo gene and also had a reduced 

level of PEPC activity (25% less than average). However this sample 

exhibits a difference only in glycine, containing double the amount 

of the other samples. Aspartic acid is slightly lower than the other 

samples indicating that the PEPC antisense may have had an affect 

on the production of this amino acid. 

The amino acid analysis is preliminary and does not include a 

measure of total amino acids, nor total protein content and 

distribution. The two plants with low PEPC activities showed 

differences in the amino acid content which could conceivably be 

linked to the expression of the PEPC antisense in these plants. 

The main outcomes of the research are summarized in the final 

Chapter. 



CHAPTER SIX 

CONCLUSION 

6.1 CONCLUSIONS FROM THE STUDY 
I 

In C3  plants Phosphoenolpyruvate Carboxylase (PEPC) is primarily 

involved in the replenishment of intermediates of the Citric Acid 

Cycle that have been depleted during biosynthetic reactions. This 

important anaplerotic function has been little studied due to 

intrinsic problems with the study of anaplerotic reactions. 

With the advent of Antisense DNA technology the study of 

biosynthetic enzymes is now possible, as the antisense will 

specifically inhibit a single enzyme by producing a gene transcript 

that will bind the normal gene transcript preventing translation of 

the protein. 

Three different types of plants were investigated during the study. 

Tobacco antisense genes under the control of a constitutive 

promoter (CaMV35S promoter); Tobacco antisense with a promoter 

expressing only in mesophyll cells (Cab3 promoter); and a C4 

Flaveria antisense gene (Cab3 promoter) The purpose of the study 

was to investigate the role of PEPC in the C3 tobacco in relation to 

its effect on growth and development of the plant, simply: what is 

the consequence of repression of PEPC activity? 
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The following conclusions can be drawn from this present study 

* PEPC antisense expression causes suppression of growth 

* Individual plants react differently to the expression of PEPC 

antisense in relation to growth responses. 

* Group A plants (short plants) show a level of chlorophyll 30-

40% less than Group B plants (tall plants) of the same line. 

* Group A plants (short plants) have 25% less leaves than 

Group B plants (tall plants) of the same line. 

* Group A plants (short plants), except in Line 9 (Cab3 

promoter), showed photosynthesis rates 15-40% less than 

Group B plants (tall plants) of the same line. 

* Stomatal function is not affected in any of the lines 

6.2 IMPLICATIONS FROM THIS STUDY AND SUGGESTIONS 

FOR FURTHER RESEARCH 

As already indicated the use of antisense DNA is an important 

development. The process allows specific genes to be inhibited in 

order to study their role and function in plant metabolism. In many 

ways this area of research is on the 'frontier of knowledgeT in this 

research area. 

The results indicate that there is still further research to be done in 

order to gain a better understanding of the role PEPC plays in the 

growth and development of the C3  tobacco plants. Specific follow up 

studies may include: 
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* Analysis of individuals to determine the way in which they 

respond to the antisense 

* A detailed investigation of the effect that PEPC antisense has 

on other anaplerotic enzymes 

* An analysis of total amino acid content, protein content and 

their relative distributions. 

I 
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