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Abstract 
Four ACO promoters and four AeO genomic sequences have been isolated and cloned from 

Tri folium repens L. The promoter sequences were cloned using Gene Walker™ technology, 

and are defmed as the 5' flanking sequences upstream of the ATG translation start codon, and 

designated pTR-ACOl ( 1 006 bp), pTR-AC02 ( 1 5 1 0  bp), pTR-AC03 ( 1 350 bp), and 

pTR-AC04 ( 1 250 bp). To conftrm that each 5' flanking sequences represents distinct genes, 

Southern analysis was undertaken with each of the 5 '  flanking sequences used as probes. For 

TR-ACOl and TR-AC02, Southern analysis indicated that the genome of white clover 

contains two copies of each gene, while single copies of TR-AC03 and TR-AC04 are evident. 

However, the pattern of recognition of pTR-AC03 differs from pTR-AC04 conftrming 

TR-AC04 as a newly identifted member of the ACO gene family of white clover. The four 

genomic sequences isolated cover sequences downstream of the ATG codon to the stop codon, 

and each comprises 4 exons interspersed by 3 introns. In terms of sequence identity, for 

exon 1 ,  identities over the four genes ranges from 69% to 94%, with 94% identity between 

exon 1 of TR-AC03 and TR-AC04, while for exon 2, identities range from 60% to 99%, with 

99% identity between TR-AC03 and TR-AC04. For exon 3, sequence identities ranged from 

7 1  % to 89%, with 89% identity between TR-AC03 and TR-AC04, while for exon 4, identities 

range from 62% to 1 00%, with 1 00% sequence identity between TR-AC03 and TR-AC04. 

F or the intron sequences, signiftcantly lower identities are observed, with again, highest 

identities were observed for TR-AC03 and TR-AC04. For intron 1 ,  identities ranged from 

40% to 8 1 %  with the highest identity of 8 1 %  observed between TR-AC03 and TR-AC04. For 

intron 2, an identity range of 32% to 72% was observed with 72% identity between TR-AC03 

and TR-AC04, while identity values of 1 3% to 79%, with 79% between TR-AC03 and 

TR-AC04. Analysis, in silico, of the 5' flanking sequences was undertaken to identify putative 

transcriptional binding domains using the PLACE and Mat-Inspector programmes. The 
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TR-ACOl 5' flanking sequence contains a higher proportion of domains that are associated 

with young developing tissues, while the TR-AC02 5' flanking sequence contains domains 

that are associated with environmentallhormonal cues. I n  contrast, the TR-AC03 and 

TR-AC04 5' flanking sequences contain a higher proportion of ethylene-response and wound 

associated domains. The expression pattern, in vivo, directed by all four 5' flanking sequences 

during leaf development has been examined using GUS fusions and transformation into both 

tobacco and white clover. In tobacco, the p TR-ACOl directed expression in the terminal bud 

and in axillary buds of younger leaves, with expression declining in the older tissues. The 

pTR-AC02 directed expression in the petioles and mature-green and senescent leaves, while 

the TR-AC03 and TR-AC04 promoters directed expression in the axillary buds, petioles and 

leaves of mature-green tissues and those in the early stages of senescence. I n  white clover, 

the TR-ACOl 5 '  flanking sequence directed highest expression in the apical tissues, axillary 

buds, and leaf petiolules in younger tissues and then declines in the ageing tissues, while the 

pTR-AC02 directed expression in the axillary buds and leaf petiolules in mature-green tissues. 

The TR-AC03 and TR-AC04 5' flanking sequences direct more expression in the ontological 

older tissues, including the axillary buds and leaf petiolules. However, in association with this 

ontological pattern, all of the 5' flanking sequences directed expression in most cell types 

examined during leaf ontogeny. In younger tissues, the TR-ACOl 5' flanking sequence 

directed expression in the ground meristem and newly emerged leaf tissue at the apical bud of 

the stolon, the ground meristem tissue of axillary buds, vascular tissue, pith and cortex of the 

internode and node, and the cortex and vascular tissue of the leaf petiolule. In ontological 

older tissue, the TR-AC03 and TR-AC04 5' flanking sequences directed expression in the 

ground meristem of the axillary buds, the vascular tissue of the stolon and petiolule. However, 

staining could be observed in the pith and cortex of the stolon, and the cortex of the leaf 

petiolule, but at a reduced intensity. These expression studies suggest that in leaf development 

of white clover, the primary cues for the transcriptional regulation of the AeO gene family are 



ID 

ontological in nature. 
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Chapter 1 Introduction 

1 . 1  Ethylene in  plant development 

1 

It has long been known that ethylene is the causal agent of plant defoliation. In the 19th 

century, city streets were lit with gas lamps, and the leaked gas was found to cause defoliation 

of shade trees along the streets. At the start of the 20th century, D. Neljubov was the fIrst 

person to demonstrate that ethylene was the active component of the illuminating gas 

(Neljubov, 1901; cited in (Abeles et al., 1992)). He exposed pea seedlings to the gas and 

found that it caused the stem to grow in a horizontal direction. He also reported the ethylene 

can cause the etiolation of pea seedlings with a thickening of the stem, inhibition of root and 

hypocotyl elongation, and a more pronounced curvature of the apical hook: the triple response 

phenotype to ethylene. 

After this important fmding, ethylene, as the fIrst phytohormone, has been studied for more 

than 100 years, and the following lists some of the more important roles of ethylene in plant 

growth and development : 

Seed germination: Ethylene is proposed to break seed dormancy in different specIes, 

including cocklebur seeds (Yoshiyama et al. ,  1996), lettuce seeds (Kepczynski and 

Kepczynska, 1997), and seeds of Amaranthus (Kepczynski and Kepczynska, 1997). 

Emergence of seedlings from the soil: Ethylene can promote the newly germinated seedlings 

to emerge through soil. For example, when the etr-l mutation of Arabidopsis thaliana, with 

an absence of the triple response phenotype, is treated with 1 0 �LIL ethylene, these plants 

were less able to emerge through soil when compared with the same treatment of wild-type 

seedlings (Harp ham et aI., 1991). 

Root formation: Evidence for a role in the promotion of root formation includes the 

observation that the numbers of root primordia at the cutting site of sunflower hypocotyls 
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were higher than when the equivalent tissues were treated with the ethylene biosynthesis 

inhibitor aminoethyoxyvinyl glycine (AVG) prior to cutting (Liu et aI., 1990). 

Root elongation: Observations that suggest a role for ethylene in the inhibition of root growth 

include one in which the root elongation rate of sunflower seedlings treated for 12 h, with 10 

�M l -aminocyclopropane-l -carboxylic acid (ACC; the precursor to ethylene) was 40 % less 

than un-treated seedlings. This inhibition of elongation can be reversed by the addition of 

silver thiosulphate (STS), an inhibitor of ethylene action (Finlayson et aI., 1996). 

Shoot elongation: In young tissue, ethylene can limit shoot elongation. For example, applied 

ethylene can promote the triple response in etiolated pea seedlings with thickening of the stem 

and inhibition of hypocotyl elongation (Petruzzelli et aI., 1994). 

Leaf senescence: Ethylene can promote the rate of leaf senescence. For example, ethylene has 

been shown to induce the expression of a series of cDNAs termed senescence associated 

genes (SAGs) from treated leaves of Arabidopsis (Gepstein et aI., 2003). As well, ethylene 

evolution has been shown to increase during leaf senescence (Hunter et aI., 1999; Miller et aI., 

1999), and the expression of genes coding for the ethylene forming enzymes, ACC synthase 

and ACC oxidase expression has also been shown to increase. 

Floral tissues senescence: Ethylene production is induced, and has been shown to promote 

senescence of floral plant parts. Ethylene evolution has been shown to increase in senescent 

floral tissues of carnation or rose (Sisler et aI., 1996). These phenomena can be inhibited and 

retarded by pre-treating these tissues with I -methylcycIopropene ( I -MCP; an inhibitor of 

ethylene action) (Sisler and Serek, 1997). 

Sexual determination: Treatment with ethylene can induce the formation of female flowers in 

cucumber (Reid, 1995). The gynoecious cucumber plants (female flowers) have an additional 

copy of a gene (CS-ACSl) that encodes the ethylene biosynthesis enzyme, ACC synthase. The 

allele for this gene has been shown to be closely linked to the locus F which determines the 

expression of female floral tissues (Trebitsh et aI., 1997). 
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Fruit ripening: Ethylene can control the biosynthesis of fruit pigments and other biochemical 

and physiological changes that give rise to aromas, textures and flavours in climacteric fruits 

(Lelievre et aI., 1 997). For example, after harvest kiwifruit become soft and this is 

accompanied by a two-fold increases in ethylene production, and a two-fold increase in the 

content of soluble solids (Sfakiotakis et aI., 1997). In another example, in early experiments 

with transgenic tomato fruit with an ACC synthase gene in the anti-sense orientation, the 

ripening time of the fruit was postponed (Oeller et aI., 1 99 1 ). 

Nodule formation: Ethylene may prevent infection of legume roots by Rhizobium species. For 

example, the ethylene insensitive mutant (sick/e) of Medicago trunculata was found to exhibit 

an increase in the number of Rhizobium infections and nodule formation when compared with 

wild type plants (penmetsa and Cook, 1 997). 

Wound response: Ethylene maybe involved in tissue recovery after wounding. For example, 

in spear tissues of asparagus, the level of ethylene evolution increased 2-6 fold after 

wounding when compared with un-wounded tissue (Bhowmik and Matsui, 2004). 

Pathogen response: Ethylene has been shown to be associated with pathogen defense 

mechanisms in plants. For example, in leaves of tobacco, the expression of ACC oxidase (the 

ethylene forming enzyme) was shown to increase in response to infection with the tobacco 

mosaic virus (Kim et aI., 1 998). 

Abscission : Ethylene has been shown to promote the rate of abscission of leaves and fruits. 

For example, in the abscission zone of Lupinus angustijolius, the rate of ethylene evolution 

was higher than in the non-abscission tissues, and the pI-9.S cellulase gene, which is involved 

in xyloglucan hydrolysis, is induced by ethylene treatment (Henderson et aI., 2001). 

Together, all these roles for ethylene during plant growth and development underline the 

complexity of ethylene biosynthesis, perception and signal transduction. To dissect these 

phenomena, it is necessary to ftrst look at the regulation of ethylene biosynthesis, before 

examining ethylene perception and signal transduction. 
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1 .2 Ethylene biosynthesis pathway 

Typically, m higher plants which include the cycads, gymnosperms, and angiosperms, 

ethylene production is regulated by both developmental and external cues, including biotic 

and abiotic factors (Osbome et aI., 1996). During plant development, higher rates of ethylene 

evolution occur from young tissues (fruit, vegetative and floral tissues) that display a high rate 

of cell division. During the ensuing cell expansion and elongation stages, ethylene production 

then declines in these tissues. Finally, ethylene production increases again during fruit 

ripening and leaf and floral senescence (Abeles et aI., 1992). External biotic stresses in plants 

are caused by tissue invasion by pathogens, including viruses, bacteria, fungi or insects, and 

external abiotic stresses are due to the wounding, bending, tissue abrasion, radiation, high 

temperature, chilling, dehydration, flooding, and varied chemical stimuli. Most of these 

external stress factors can induce ethylene evolution from affected tissues usually as a sharp 

burst. This phenomenon is termed stress ethylene (Abeles et aI., 1992). 

The study of ethylene biosynthesis in plants is mainly through the elucidation of the 

ACC-mediated pathway (Figure 1.1) that begins with S-adenosyh-methionine (AdoMet or 

SAM), which is derived from the amino acid methionine by the action of SAM synthetase 

[E.C. 2.5.1.6]. The SAM is then converted to methylthio-adenosine (MTA) and ACC by ACC 

synthase (ACS) [E.C. 4.4.1.14] followed by oxidation of ACC to CO2, HCN and ethylene by 

ACC oxidase (ACO) reviewed in [E.C.1.4.3] (Yang and Hoffman, 1984; Imaseki, 1991; 

Kende, 1993; Zarembinski and Theologis, 1994; Fluhr and Mattoo, 1996). 

To support high rates of ethylene production without depleting the levels of methionine in 

cells, the MTA is then converted, through the Yang cycle (methionine cycle), back to 

methionine (Baur and Yang, 1972). 

In addition to the conversion into ethylene, ACC can either be conjugated into 

1-(malonylamino) cyclopropane-I-carboxylic acid (MACC) by MACC transferase which is 
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the major ACC-conjugate in plants (Amrhein et aI., 1 98 1 ). Alternatively, ACC can be 

conjugated, in tomato fruit, into 1 -(gamma-L -glutamylamino) cyclopropane-I-carboxylase 

acid (GACC) by GACC transferase (Martin and Safiner, 1 995). 

The cyanide product (HCN) is degraded to �-cyanoalanine and asparagine by �-cyanoalanine 

synthase (Yip et aI., 1 99 1 ). The accumulation of high levels of asparagine indicates a high 

correlation between activation of ACO and �-cyanoalanine synthase and supports the 

proposed detoxification mechanism of the cyanide product (Manning, 1 988). 

1 .2 .1 .  SAM synthetase 

The ethylene biosynthesis pathway begins conventionally with the conversIOn of 

L-methionine to S-adenosyh -methionine (SAM). This step is catalysed by SAM synthetase, 

which uses ATP as a substrate for this reaction (Yang and Hoffman, 1 984). SAM synthetase is 

an ubiquitous enzyme found in both prokaryote and eukaryote (Tabor and Tabor, 1 984). It is 

classified as a house-keeping enzyme, because it has an important role in cellular 

biochemistry (Fluhr and Mattoo, 1 996). In plants, SAM is not only a precursor for ethylene 

biosynthesis, but is also a precursor for polyamine biosynthesis (Peleman et aI., 1 989) and in 

the transmethylation of proteins, nucleic acids, lipids and carbohydrates. The link between 

polyamine production and ethylene biosynthesis is of particular interest as application of 

polyamines has been shown to inhibit ethylene production in some plants. For example, the 

application of spermine to cut carnation flowers delayed flower senescence, and reduced 

ethylene or ACC production. Spermine can also reduce the transcription rate of ACC synthase 

and ACC oxidase genes (Lee et aI., 1 997). 

Since SAM is a universal methylating agent in plants, the enzyme-catalysed conversion of 

SAM to ACC is regarded generally as the committed step in the ethylene biosynthetic 

pathway (Yang and Hoffman, 1 984; Imaseki, 1 99 1 ). It has been suggested originally that 

SAM synthetase is not an important regulatory enzyme in the ethylene biosynthetic pathway 
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(peleman et aI., 1 989). However, more recently SAM synthetase has been shown to occur as 

multiple is of or ms, and there is evidence that expression of the multigene family is under 

development and environmental control (Schroder et aI., 1 997). For example, the gene family 

members have been shown to be expressed differentially during senescence in carnation 

flowers (Woodson et aI., 1 992), and in response to treatment of pea ovaries with auxin 

(Gomez-Gomez and Carrasco, 1 998). The existence of multiple controls on SAM synthetase 

suggests that during optimal plant growth the level of SAM produced by the constitutive 

enzyme is sufficient, but may not be under stress conditions. In this regard, expression of 

SAM synthetase genes is increased by a variety of environmental factors including drought 

stress (Mayne et aI., 1 996), salt stress (Espartero et aI., 1 994), fungal and bacterial elictors 

(Kawalleck et aI., 1 992; Arimura et aI., 2002), mechanical stimuli (Kim et aI., 1 994), and 

ozone exposure (Tuomainen et aI., 1 997). Differential regulation of the SAM synthetase gene 

family has also been observed during fruit ripening. In fruit of Actinidia chinensis, SAM 

synthetase transcripts were shown to be induced by exposure to exogenous ethylene 

(Whittaker et aI., 1 997). This is an important result, as it shows that ethylene can alter SAM 

synthetase transcription in a feedback regulatory manner. Further, the enzyme has been 

suggested to play an important role in replenishing the level of SAM, particularly during 

periods of high ethylene production (Whittaker et aI., 1 997). Taken together, these 

observations suggest that an important role of ethylene is to replenish SAM during periods of 

enhanced ethylene synthesis (Boerjan et aI., 1 994). With further biochemical and molecular 

characterization, it may be, therefore, that this enzyme-catalysed step can be included as a 

committed step in the ethylene b iosynthesis pathway. 

1 .2.2. ACC synthase (ACS) 

The second step of the ethylene biosynthetic pathway is the conversion of SAM into ACC 

(Yang and Hoffmen, 1 984), a conversion catalysed by ACC synthase. ACC synthase also 
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produces 5 '-methythioadenosine (MA) which is recycled as part of the Yang cycle to 

regenerate methionine (Yang and Hoffman, 1 984). ACC synthase was fIrst purified from 

ripened tomato pericarp after a wounding pretreatment (Bleecker et aI., 1 986), and was 

subsequently purified from mung bean hypocotyls (Tsai et aI., 1 988), and from mesocarp 

tissue of Cucurbita maxima after treatment with l ithium ions (Nakaj ima et aI., 1 990), and 

apple fruit (Yip et aI., 1 99 1 ). 

The enzyme is localised m the cytosolic fraction of plant cells and requires 

pyridoxal-5 '-phosphate as a cofactor. This cofactor requirement has been characterized, as 

well as the determination that the activity of the enzyme can be inhibited by AVG and 

aminooxyacetic acid (AOA) (Imaseki, 1 99 1 ). It also has been shown that the enzyme occurs 

in low abundance and is very labile (Bleecker et aI., 1 986), because the level of ACC synthase 

protein measured in ripened tomato pericarp is only ca. 0.0001 % of total protein. However, 

once treated with a wounding stimuli, the protein concentration may rise l OO-fold (Bleecker 

et aI., 1 986). In mung bean hypocotyls, the half life of ACC synthase after extraction was 

reduced from 23 . 5  min to 1 2.0 min, whereas the concentration of SAM increased from 40 to 

1 50 IlM (Satoh and Esashi, 1 986). The lability of this enzyme is due to a catalytic-based 

inactivation where a covalent linkage is formed at the active site between ACC synthase and 

its substrate, SAM (Casas et aI., 1 993). 

ACC synthase is coded for by a multi-gene family that has been isolated from many different 

plant species. In tomato, ten gene members have been isolated (Alexander and Grierson, 

2002), in mung bean seven gene family members have been isolated (Song et aI., 2003), and 

at least 1 2  gene family members have been sequenced in Arabidopsis (Yamagami et aI. , 2003). 

In addition, three have been isolated from potato (Destefanobeltran et aI., 1 995), and five in 

white lupin (Lupinus albus L) (Bekman et aI., 2000). Although these genes belong to ACC 

synthase, their amino acid sequences vary in identity from 48 % to 97 %. This suggests that 

gene regulation and function may also vary (Woltering and Devrije, 1 995).  
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ACC synthase is considered to catalyze the rate-determining step in the ethylene biosynthetic 

pathway, because of its very low abundance in cells, and it is the first committed step of the 

pathway (Yang and Hoffman, 1 984; Yang and Dong, 1 993). Very early studies showed that 

ethylene production increased in plant organs after application of ACC (Hoffman and Yang, 

1 980), and that the levels of endogenous ACC were higher in tissue that also produced higher 

amount of ethylene. For example, at certain stages of development (eg. fruit ripening, flower 

senescence), and in response to stimulation by physiological factors (eg. wounding, chilling, 

pathogen attack, or auxin application), ACC levels and ethylene concentration are also 

induced (Yang and Hoffman, 1 984). However, pre-treatment of tissues with AVG can prevent 

accumulation of both Ace and ethylene (Yang and Hoffman, 1 984). The measurement of 

ACC synthase activity in vitro has confirmed that enzyme activity is higher in tissues that 

have elevated levels of endogenous ACC and ethylene. This has been shown in ripening 

tomato fruits (BoIler et aI., 1979), in auxin-pre-treated mung bean hypocotyls (Yu et aI., 1 979), 

in senescing carnation petals (Park et aI., 1 992), and in wounding potato tubers (Bums and 

Evensen, 1 986). Taken together, these studies suggest that ACC levels and ethylene 

production are highly dependent upon the activity of Ace synthase; observations that are 

considered to support the hypothesis that ACC synthase is a rate-determining enzyme. 

Most physiological factors which have been shown to induce ethylene production in plants 

have been also shown to either increase ACe synthase activity or induce gene expression 

(Bleecker et aI., 1 988). It is now apparent that the ability of different stimuli to influence the 

activity of ACC synthase is not through multiple regulations of the same gene; instead, it is 

through regulation of distinct genes which do or do not contain specific regulatory elements. 

For example, different ACC synthase genes cloned from the same species can have distinct 

expression patterns. These can be tissue-specific (eg. in fruit or root), or expressed at a 

specific developmental stage (eg. during ripening or senescence), or in response to specific 

stress factors (eg. wounding or chilling). In seedlings of Arabidopsis, it was shown very early 
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that each ACS family gene has a specific response to wounding, anaerobiosis, and treatment 

with lithium chloride and auxin (Liang et aI., 1 992). Further, in leaf development of 

A rabidops is, AT-ACSl expression is highest at leaf emergence and decreases sharply m 

rapidly expanding leaves (Smalle et aI., 1 999), while AT-ACS6 expression is induced m 

senescent leaves during ozone exposure (Miller et aI., 1 999). In tomato suspension cells, only 

a subset of genes are induced in response to yeast elicitors (Oetiker et aI., 1 997), and in 

tomato fruit in response to wounding (Lincoln et aI., 1 993). In carnation floral tissue, different 

tissues express specific genes (TenHave and Woltering, 1 997), and in mung bean hypocotyls, 

a specific ACS gene is induced by auxin treatment (Yu et aI., 1 998). In Stellaria longipes, 

specific ACS genes respond to photoperiod and temperature (Kathiresan et aI., 1 998), and in 

the wounded tissues of C. maxima, specific ACS genes are induced in response to ethylene 

treatment (Nakajima et aI., 1 990). These studies support the notion that different members of 

the ACS gene family have specific regulatory functions. 

In most cases, ethylene production rates are positively correlated with increasing 

transcriptional rates of ACC synthase genes. Some examples include: in zucchini fruit 

(Cucurbita pepo) (Sato and Theologis, 1 989) and etiolated hypocotyls tissues (Huang et aI., 

1 99 1 ). Positive correlations are also observed in wounded fruit of tomato (Olson et aI., 1 99 1 ), 

the senescence stages of tomato floral tissue (Rottmann et aI., 1 99 1 )  and in fruit (pericarp) 

tissue of pepper (Capsicum annuum) (Harpster et aI., 1 996). These studies support the idea 

that stimuli, or specific developmental stages promote ACC synthase transcription, and the 

ethylene produced is thus controlled at this gene transcription level. But not every 

stress-induced, tissue-specific or developmental cue correlates with the rate of ACC synthase 

transcription. For example, in the styles of cut carnation flowers (TenHave and Woltering, 

1 997), the elicitor-induced ethylene production in tomato suspension cultures (Oetiker et aI., 

1 997), wounded floral tissues of carnation (Park et aI., 1 992), and the light-induced rhythm of 

ethylene production in S. longipes (Kathiresan et aI., 1 998). In these cases, transcription of 
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ACS genes did not show any correlation with ethylene production. This maybe due to the fact 

that other (as yet un-discovered) ACS gene family members are induced, or the mRNA 

undergoes post-transcriptional processing and the protein post-translational modification. This 

also implies that ethylene biosynthesis is not only controlled at the level of ACC synthase, but 

can be regulated at other levels, including ACC conjugation and the regulation of ACC 

oxidase. These mechanisms have been studied and will be discussed later. 

In some cases, ACC synthase genes may be modified during transcription. In one example, an 

auxin-inducible ACC synthase cDNA from pea (PS-ACSJ) was found to be recognized two 

RNA transcripts of ca. 1 .6 kb and 1 .9 kb on northern blots. The large transcript was not 

considered to be a product of incomplete processing of introns, but instead the transcript may 

arise due to the presence of an alternative promoter within the sequence of the large transcript 

(Peck and Kende, 1 998). 

In another example of post-transcriptional processing, the LE-ACS3 gene of tomato showed 

multiple RNA sizes using northern blot analysis. Using specific probes, three different size of 

LE-ACS3 were identified that all contained the same coding sequence but two of them 

contained extra intron sequences. This reflects a different splicing mechanism that may also 

control ACC synthase expression at the post-transcriptional level (Olson et aI., 1 995). 

In addition to regulation at the transcription and the post-transcriptional level, ACC synthase 

can be regulated at the post-translational level. For example, the COOH-terminal end of most 

ACC synthase proteins display differences in residue number and sequence identity despite a 

high degree of similarity in the rest of the protein (Theologis et aI . ,  1 992). However, when 46 

to 52  amino acid residues of the tomato ACS 1 protein were deleted from the COOH-terminal, 

the truncated protein had 9-times higher affinity for SA M, when compared with the wild-type, 

when expressed in E. coli (Li and Mattoo, 1 994). In Arabidopsis, the ACS5 gene specifically 

responds to cytokinin treatment. However, the phenotype of the acs5 mutation, with a single 

base pair insertion 3 5  bp upstream of stop codon (which caused a frame-shift mutation change 
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to  the 12  terminal amino acids of ACS5 from RVSYTDRVPDER to  PGFMDRSCT), showed 

a 20-fold over-production of ethylene under cytokinin application, whereas the wild type only 

had less than two-fold increase in ethylene production in response to the same treatment 

(Vogel et al., 1 998). It was proposed that cytokinin action may interfere with some negative 

regulators in the C-terminal region of the ACS5 protein. In tomato, a 50 kDa molecular 

weight monomer form was purified (Van Der Straeten et al., 1 989), but when this gene was 

expressed in E. coli, a 55 kDa protein product was purified, suggesting that some 

post-translational modification occurs in tomato that does not occur in the E. coli background 

(Van Der Straeten et al., 1 990). 

A key element in the post-translational modification of ACS enzyme activity is the regulation 

of the stability of the protein. More recently, a stress-specific response mitogen activated 

protein kinase (MAPK) has been isolated and characterized from tobacco (Liu and Zhang, 

2004). This kinase (SIPK) is able to phosphorylate the ACS-2 and ACS-6 proteins from 

Arabidopsis, and elevates the levels of cellular ACS accumulation and ethylene production. 

They also used a gain-of-function mutant (ACS_6DDD) phenotype to confirm that the 

phosphorylation site is in the C-terminal of ACS-6 protein (Liu and Zhang, 2004). The 

significance of phosphorylation of the C-terminal has been highlight more recently with the 

characterization of the function of the ETO- l protein of Arabidopsis. The eta mutants of 

Arabidopsis were those that displayed the triple response without ethylene added, and 

subsequent experiments showed that these mutants over-produced ethylene (Wang et al., 

2004). Wang et al. (2004) have shown that ETO- l binds to the truncated isoforms (ACS-5). 

Further, over expression of ETO- l inhibits the induction of ethylene production by the plant 

growth regulator cytokinin (Vogel et al., 1 998), and promotes ACS-5 protein degradation 

(Chae et al., 2003; Wang et al., 2004). These studies also show that at least two signaling 

pathways through post-translational mechanisms regulate the ACS proteins. One is from 

exogenous stimuli (eg. biotic or abiotic stress) through the MAPKs phosphorylation! 
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de-phosphorylation mechanisms, while the second i s  from endogenous cues (eg. cytokinin) 

through kinases or inhibitor proteins (eg. ETO- 1 )  that regulate ACS protein activation (Ecker, 

2004). 

1 .2.3. Conjugation of ACC 

The product of the ACC-synthase-catalysed reaction, ACC, has two fates. ACC oxidase can 

convert ACC into ethylene, or ACC can be conjugated with malonyl CoA to form 

malonyl-ACC (MACC) (Yang and Hoffman, 1 984), a reaction catalysed by MACC 

transferase. In some plant species ( ego tomato), ACC can be conjugated with glutathione to 

form glutamyl-ACC (GACC), a reaction catalysed GACC transferase (Peiser and Yang, 

1 998). 

MACC is found throughout the plant, including vegetative tissue, seeds and in ripening fruit 

(Amrhein et aI., 1 98 1 ;  Satoh and Esashi, 1 984; Yang and Dong, 1 993). It is proposed to be 

synthesized in the cytosol and stored in the vacuole (Bouzayen et aI., 1 989). MACC 

transferase has been isolated from the hypocotyls of mung bean (Benichou et aI., 1 995) and 

tomato fruit (Martin et aI., 1 995). In mung bean, two iso-forms of MACC transferase with 

different molecular masses and kinetic parameters have been characterized. A 36 kDa 

isoenzyme exhibits a lower temperature optimum (40°C), and a seven-fold lower apparent 

Km for ACC when compared with the 55 kDa isoenzyme (Benichou et aI., 1 995). In tomato, 

the MACC transferase activity was found to be enhanced by ethylene in treated immature 

green fruit, but not in ripening fruit (Martin et aI., 1 995). 

In some plant tissues, MACC is considered to be an inactive form of ACC, and cannot be 

hydrolysed to release free ACC (Hoffman et aI. , 1 983). There is some evidence that this 

enzyme might act as a negative regulatory component in the ethylene biosynthesis pathway, 

and its function is to control the rate of ethylene production, by depleting cellular pools of 

ACe. For example, in tomato fruits, the activity of MACC transferase increases just after a 
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period of high ethylene production (Yang and Hoffman, 1 984; Martin and Safiner, 1 995). 

During ripening of bananas, the peel produces up to 80-fold less ethylene than the pulp even 

though it has seven-fold more ACC oxidase activity. This reduction in ethylene production 

maybe due to the higher level of ACC conjugation observed in the peel as compared with the 

pulp (Dominguez and Vendrell, 1 993). 

In contrast, GACC appears only when sufficient glycine, serine, histidine tripeptide is 

available. GACC transferase activity has been measured in ripening tomato fruit, but not in 

any other plant organs, even when these are producing high levels of ethylene. This implies 

that GACC is not a universal conjugation form, but might act as a tissue-specific regulatory 

component (Peiser and Yang, 1 998). 

1 .2.4. ACC oxidase (ACO) 

In contrast to ACC synthase, ACC oxidase was thOUght originally to be expressed in a 

constitutive manner in many plant tissues, since the ACC is readily converted to ethylene 

when added to growth medium or plant tissues (Yang and Hoffman, 1 984). But recent studies 

at the molecular level reveal that the ACO expression rate is correlated to the ethylene 

production rate. Thus regulation of ACO activity may act as an extra tier for controlling 

ethylene biosynthesis in higher plants. 

1 .2.4. 1 Identification of EFE as ACe oxidase 

Due to early difficulties in measuring ACC oxidase enzyme activity in a cell-free system, the 

identification of this enzyme was first achieved at the cDNA level. In 1985,  Slater et al. 

published the screening of a cDNA library made from ripe tomato fruit to isolate cDNAs that 

were differentially expressed in mature and ripe fruits. Nineteen non-homologous groups of 

ripening related clones were identified (Slater et aI., 1 985). One clone, designated pTOM1 3, 

was shown to be homologous to a rnRNA that accumulated after mechanical wounding of 

un-ripe tomato pericarp and leaf tissue, and prior to the wounding-induced peak of ethylene 
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production (Smith et aI., 1 986). It  was suggested, therefore that the pTOM1 3  transcript was 

either involved in ethylene production or was induced by ethylene, since it was also shown 

that it can be induced by treatment of mature green tomato fruit with ethylene (Maunders et 

. aI., 1 987). In later experiments, the pTOM1 3  cDNA was transformed into tomato p lants in the 

anti-sense orientation, and the transformants showed decreased ethylene synthesis in both 

wounded leaf tissue and ripening fruit in a gene dose-dependent manner. This indicated that 

this sequence was involved in ethylene production, perception or metabolism (Hamilton et aI., 

1 990). 

The confrrmation that the pTOM1 3  cDNA as an EFE sequence was obtained through 

heterologous expression in yeast of a full-length identical clone of pTOM1 3  designated as 

pRC 1 3. When exogenous ACC was applied to the yeast cells transformed with pRC 1 3 ,  the 

cells converted ACC to ethylene, whereas un-transformed cells did not have this ability 

(Hamilton et aI., 1 99 1 ). This gene product in yeast also displayed similar characteristics to 

ethylene-forming activity found in plant tissue, including strong inhibition by cobalt ions 

(C02+) and 1 ,  l O-phenanthroline (PA; a metal chelator). Therefore, from these experiences, the 

pTOM 1 3/pRC 1 3  sequence was proposed to code for the ethylene forming ethylene. 

The deduced amino acid from the cDNA sequence of pTOM 1 3  has highly identical to 

flavanone 3-hydroxylase cDNA of A ntirrhinum majus (Hamilton et aI., 1 990) and their amino 

acid sequence shared 33  % identity and 58  % similarity. The flavonone 3-hydroxylase enzyme 

required ascorbate and iron (Fe2+) as co-substrates/co-factors for activity and also needed 

anoxic conditions during extraction (Britsch and Grisebach, 1 986). Therefore, when using 

these same extraction and assay conditions, active ACC oxidase was successfully recovered 

from the soluble fraction of melon fruit (Ververidis and John, 1 99 1 ). With this observation, it 

was possible to explain subsequently that previous assays from tissue homogenates that 

lacked ACC oxidase was due to the loss of iron and ascorbate during extraction. The 

previously observed relative higher enzyme activity rates from extracts of intact protoplasts 
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and vacuoles was due to the fact that the integral membrane structure kept the enzyme 

cofactors in the extract (Femandez Maculet and Yang, 1 992). Subsequently, CO2 has also 

been reported to increase the activity of apple ACO (F emandez Maculet and Yang, 1 992). 

1 .2.4.2 Biochemical characterization of ACC oxidase 

After pTOM 1 3  protein was identified as the ACC oxidase enzyme and the biochemical  

cofactors identified, numerous ACC oxidase enzyme activities were demonstrated in many 

plant species, such as apple (Dong et aI., 1 992; Pirrung et aI. ,  1 995); avocado (McGarvey and 

Christoffersen, 1 992); pear (Vioque and Castellano, 1 994); banana (Moya-Leon and John, 

1 995); citrus (Dupille and Zacarias, 1 996). 

The common co-substrate/co-factors for ACO activity identified for pTOM 1 3  (ascorbate and 

Fe2+) were similar in both dicot (eg. tomato) and monocot (eg. banana) plant species (John, 

1 997). When 2-oxoglutarate replaced ascorbate in the assay mixture extracted from pear fruit, 

enzyme activity was lost. This suggested the ascorbate can not be replaced by any other 

2-oxoacids (Vioque and Castellano, 1 994). When an ion chelator (EDTA or PA) was added to 

a citrus extract, ACO activity was lost. If other divalent metal ions (eg. Zn2+, Mg2+, Mn2+, and 

Cu2+) replaced Fe2+ in the assays, ACO activity was again lost conftrming that Fe2+ serves as 

important cofactor for the ACO enzyme (Dupille and Zacarias, 1 996). Examination of the 

ACO protein sequence of apple reveals that this ACO protein structure did not contain the 

prosthetic-heme group for F e2+ binding (Dupille et aI., 1 993), but through subsequent 

recombinant ACO proteins studies it was determined that His177, AspJ79, His2l 1, and HiS234 

may form the Fe2+ binding site (Tayeh et aI., 1 999). The CO2 requirement for ACO activity 

has been studied from many p lant species. For example, the activity in pear fruit extracts 

increased 1 4  % with applied CO2 (Vioque and Castellano, 1 994), and in melon fruit, a similar 

stimulation was observed (Smith and John, 1 993). Therefore, CO2 acts as a co-factor and as a 

product. 
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The inhibitors of the ACO activity have been well characterized in both in vivo and in vitro 

assays. Aminoisobutyric acid (AI B) and C02- both can inhibit ACO enzyme activity when 

added in the extract (Vioque and Castellano, 1 994) and they were often used to confIrm the 

ACO-mediated ethylene biosynthesis  pathway. 

Using SDS-PAGE, a molecular mass of 35  kDa was determined for an ACO from apple fruit, 

and by using gel filtration for an ACO protein from the same source, a mass of 39 kDa was 

calculated (Dong et aI. ,  1 992). Also, electrospray-mass spectroscopy determined a mass of 

35.3 3 1 8  kDa for an ACO purified from apple fruit (pirrung et aI., 1 993). A central conclusion 

from these determinations is that ACO in apple fruit exists as a monoer. 

Through cell fractionation techniques and immunoblot analysis, the cellular location of the 

ACO protein has been determLT1ed in tomato suspension cultured cells. In these studies, ACO 

protein was found in the cytoplasm of cells and was not found in the vacuole and the cell 

membrane (Reinhardt et aI., 1 994). Although most studies and sequence analysis reveals that 

the ACO protein is located in the cytoplasm, it is also possible that it may also occur in the 

extracellular space of plant cells. Using the electron microscope and immunogold-labeled 

antibodies, the ACO protein was located in the apoplasm of breaker tomato fruit. Using 

immuno-localisation studies, the antibody stained the cell walls of apple fruit and breaker 

tomato fruit (Rombaldi et aI., 1 994). In addition, in proteinase K-treated protoplasts from 

cultured apple cells, much less detection of ACO protein by Western blot analysis was 

observed, supporting the view that the enzyme may also occur in the extracellular space in 

tomato and apple fruits (Ramassamy et aI., 1 998). 

ACO enzyme activity has also been shown to alter in different developmental stages and in 

response to different physiological stimuli. In climacteric fruit, ACC oxidase activity is 

normally lower in the early unripe green fruit stage, and then rises rapidly as fruits start to 

ripen, after which activity declines again in the over-ripe stage (Moya-Leon and John, 1 995). 

For example, activity in banana fruit has been reported to increase from 2 to 35 nLFWg-1h-1 
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(pulp), and in the peel, activity increased from 3 5  to 1 3 0  nLFWg-l h-l (Moya-Leon and John, 

1 995). In melon fruit, activity was increased from 5 to 260 nLFWg-l h- l (Ververidis and John, 

1 99 1 ), and in ripe tomato fruit activity increased from 1 0  to 1 96 protein mg-lh-l (Barry et aI., 

1 996). Although each plant species displayed a different degree of activity increase, these 

examples conftrm that ACO activity responds to developmentally-speciftc cues. In terms of 

physiological stimuli, wounding can normally induce ACO activity in some p lant tissues. For 

example, in wounded mesocarp tissue of C. maxima, ACO activity increased four-fold when 

compared with un-wounded tissues after a period of 40 h incubation (Hyodo et aI., 1 993). 

Similarly, in wounded flavedo discs of mandarin fruit, ACO activity increased four-fold after 

24 h (Dupille and Zacarias, 1 996). 

In early studies, ACO in different tissues \vere showTI to have different affInities for CO2 and 

ascorbate, and this implied the existence of ACO isoforms and that these function in a 

tissue-speciftc manner. For example, the leaves of sunflower or corn plants contain low CO2 

and high ascorbate concentrations when compared with root tissues, but the ACO enzymes 

showed a higher affInity (low Km) to CO2 and lower affmity to ascorbate in the leaf tissues, 

whereas the root, ACO just showed a higher affInity (low Km) to ascorbate and a lower 

affInity to CO2• This result implies that there are ACC oxidase isoforms that exist in different 

plant tissues, and these respond differentially to environmentally- and 

developmentally-specific cues. Thus to defme these multiple family members, molecular 

analysis is necessary. 

1 .2.4.3 Molecular characterization of ACC oxidase 

Following identification of the frrst ACC oxidase cDNA in tomato (designated as pTOM I 3) 

(Slater et aI., 1 985), numerous ACC oxidase genes have now been isolated from a diversity of 

plants species. Through screening genomic l ibraries, mUltiple members of ACC oxidase gene 

families have been identified, including four members in Petunia hybrida (Tang et aI., 1 993), 
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four members in tomato (Barry et aI., 1 996; Nakatsuka et aI., 1 998), three members in 

cantaloupe melon (Lasserre et aI., 1 996), and three members in tobacco (Kim et aI., 1 998). By 

screening cDNA libraries, two members have been identified in mung bean (Kim and Yang, 

1 994), two members in banana fruit (Huang et aI., 1 997), three members in sunflower 

seedlings (Liu et aI., 1 997), one in apricot fruit (Mbeguie-A-Mbeguie et aI., 1 999), and three 

members in broccoli floral tissue (pogson et aI., 1 995; Yang et aI., 2003). 

In general, most ACC oxidase gene sequences share high identity from species to species. By 

comparing more than 30 ACC oxidase gene sequences, a high nucleotide sequence identity 

(70-95%) was observed both within the same family and between families from different 

plant species (Lasserre et aI., 1 996). The gene families of tomato and Petunia are highly 

similar with 88-94% identity over three genes of tomato, compared with 88-95% identity over 

three genes of Petunia in terms of their amino acid sequences (Lasserre et aI., 1 996). In 

contrast, the 5 '-untranslated regions (UTRs) of the four gene members of Petunia display only 

42-43% identity, and their 3'-UTRs display 50-57% identity (Tang et aI., 1 994). For the three 

tomato ACO gene family members, the 5 '-UTR sequences show 58 to 60 % identity and the 

3 '-UTR regions have 44 to 52 % identity (Barry et aI., 1 996). This suggests that both the 5 '­

and 3 '- untranslated regions of ACO genes have significant sequence diversity. 

Originally, the expression of ACC oxidase activity was thought to be constitutive in plant 

tissues (Yang and Hoffman, 1 984), but it is clear now that this constitutive expression in 

plants is not due to a single ACC oxidase gene. Multigene families from many species have 

now been studied in terms of their expression patterns. The results show that these genes 

display differential temporal and spatial patterns of expression. For example, in mung bean 

hypocotyls, VR-ACOl is highly expressed in most seedling tissues, but the VR-AC02 gene 

only has a basal level expression during seedling development (Kim and Yang, 1 994). In 

broccoli, the ACC-Oxl gene was detectable in senescent tissue and reproductive tissues, but 

ACC-Ox2 is expressed only in reproductive tissues (Pogson et aI., 1 995). Expression of the 
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tomato gene family has been examined during flower development. The first gene, LE-ACOJ, 

is dominant in petals, stigma and style, LE-A C02 can be detected in the anther cone only, and 

the LE-AC03 transcripts were shown to accumulate in all the floral organs, except the sepals 

(Barry et aI., 1 996). A fourth gene, LE-AC04 with low sequence identity to the other genes, 

has been shown to be expressed at the initiation of fruit ripening (Nakatsuka et aI., 1 998). In 

melon tissues, all three ACO genes are highly expressed in hypocotyl tissue during seedling 

growth. After this stage, CM-ACOl is expressed in senescent leaves and fruits, CM-A C02 is 

expressed mainly in mature green leaves and floral tissues (Lasserre et aI., 1 997). In the 

tobacco species Nicotiana giutinosa, NG-ACOl and NG-AC03 are both expressed highly in 

root and senescent leaves, but NG-AC02 was shown only to be expressed constitutively in 

leaves and stems (Kim et al . ,  1 998). In sunflower, ACCD1 is highly expressed in apical buds 

and root tips, ACC02 is detected predominantly in roots and aeria l  part of plants, and ACC03 

is expression constitutively in all p lant parts (Liu et aI., 1 997). 

ACC oxidase genes do not only display a tissue-specific expression pattern, but also show 

specific responses to environmental and physiological stimuli. For example, the expression of 

VR-ACOl from mung bean is induced by wounding, but expression decreased following 

application with 5 /-lM methyl-jasmonate (Kim and Yang, 1 994). In Arabidopsis, AT-ACOl 

expression can be induced by wounding, and treatment with ACe ( 1 0  mM), iron (0.2 mM) 

and ethylene ( 1  mM) (Gomez Lim et aI., 1 993). Expression of ACC-Oxl from broccoli can 

not be induced by ABA or ethylene treatment, whereas, expression of ACC-Ox2 can be 

induced by these treatments (Pogson et aI., 1 995). In tobacco, the expression of both 

NG-ACOl and NG-AC03 can be induced by various stress factors (TMV infection, wounding, 

salicylic acid, CU2S04, ethylene and methyl-jasmonate), but these treatments did not alter the 

expression of NG-AC02 (Kim et aI., 1 998). 

ACO gene expression is not only regulated at the transcriptional level, but also 

post-transcriptional mechanisms are involved. For example, in sunflower, expression of the 
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ACC01 gene can be induced by wounding and treatment with silver ions, but accumulation of 

the ACO protein did not correlate with this increased of A CC01 RNA accumulation (Liu et 

aI., 1 997). A similar trend has been observed in mung bean. The VR-AC01 gene, which can 

be induced by ethylene treatment, has a higher transcription rate when compared with the 

protein accumulation rate (lin et aI., 1 999). 

1 .3 Ethylene signal transduction pathway 

Ethylene biosynthesis comprises the conversion of SAM through several steps to become the 

gaseous hormone. Once synthesized, the action of the hormone is via perception and the 

down-stream signal transduction pathways (Figure 1 .2). 

1 .3.1 .  Ethylene perception 

Through screening mutants of Arabidopsis with an altered triple response, the �thylene !riple 

response (etr) and �thylene insensitive (ein) mutants were isolated (Bleecker et aI., 1 988;  

Guzman and Ecker, 1 990). The phenotype of this mutant family showed a reduced or no 

response to exogenous ethylene and abnormal growth and development. For example, in the 

etr 1 line, plants treated with ethylene displayed elongated hypocotyls (similar to the wild-type 

grown in dark without ethylene treatment), and the rate of seed germination was slower than 

the wild-type (Bleecker et aI., 1 988). 

A comparison of the sequence of ETR1 with other prokaryote and eukaryote signalling 

proteins, revealed that this protein may code for a two-component signal transducer (Chang et 

aI., 1 993). When the ETR 1 protein was over-expressed in yeast, and the cells treated with 

[C I4]-ethylene, evidence was gathered that the transformants could bind ethylene (Schaller 

and Bleecker, 1 995). This binding activity has been reported to require copper (Cu J) to act as 

a transition metal, and the metal ion binding site was shown to be located in the second 

hydrophobic motif at the N-terminal end of the ETR 1 protein (Rodriguez et aI., 1 999). 

Evidence for the metal ion requirement comes from the ethylene inhibitor (trans-cyclooctene) 
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sensitive mutant, ran i, which has been characterized as a copper-transporting P-type ATPase. 

The observation that ETR1 is a trans-membrane protein, forms homodimers (Schaller et aI., 

1 995) and has histidine-kinase activity (Gamble et aI., 1 998) supported the proposal that 

ETR1 is a ethylene receptor protein (Chang, 1 996; Bleecker, 1 999). 

Additional ETRi family members were then identified through cDNA screening from 

Arabidopsis genome (Figure 1 .2), and these designated as ETR2, ERSi, ERS2, and EIN4 (Hua 

et aI., 1 995;  Hua et aI., 1998; Sakai et aI., 1 998). The structure of these proteins is highly 

conserved at the N-terminus domain, which is the site of the membrane-spanning regions and 

for extra-cellular ethylene binding, and in the C-termina1 region (excluding ERSi and ERS2) 

which have identity with bacteria histidine protein kinase (HPK) receptors. These proteins 

were proposed to initiate signal transduction through His autophosphorylation on the His 

kinase domain followed by transfer of the phosphate to a conserved aspartate residue in the 

cognate receiver domain (C-terminal domain) (Chang and Bleecker, 2004). In Arabidopsis, 

these receptors have been grouped into two subfamilies. Sub-farnily-1 comprises ETRi and 

ERSi , contain all the defmed His kinase sequence motifs, whereas subfamily-2 (ETR2, EIN4 

and ERS2) are substantially divergent in terms of the content of these domains (Chang and 

Stadler, 200 1 ). In tomato, six ETR like genes have been isolated and designated as LeETRi, 

LeETR2 and LeETR3 (also known as NR), LeETR4, LeETR5 and LeETR6 (Lashbrook et aI., 

1 998; Tieman et aI., 2000; Moussatche and Klee, 2004). The LeETRi and LeETR2 genes were 

cloned from a root cDNA library, and their structure has been shown to be similar to the ETRi 

gene, and so contain all the major structures of the two-component regulator domains 

(Lashbrook et aI . ,  1 998). In contrast, the LeETR3 protein differs from the other two family 

members, as it does not have the HPK domain in its structure, and so is similar to the ERS 1 

and ERS2 proteins of A rab idops is (Lashbrook et aI., 1 998). Although these HPK domain are 

conversed in many of ethylene receptors, other serine domains also play an important role in 

the ethylene receptor families. For example, autophosphorylation of NTHK- 1 ,  a tobacco 
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subfamily-2 ethylene receptor, has been demonstrated on serme and threonines in vitro 

(Zhang et aI., 2004), and all five receptor proteins from Arabidopsis have been shown to 

display autophosphorylation in vitro. Moussatche and Klee, (2004) have found that 

autophosphorylation is predominantly on serine residues, and that mutation of the histidine 

residues conserved m two-component systems does not abolish this serille 

autophosphorylation function (Moussatche and Klee, 2004). 

The occurrence of multiple ethylene receptors might imply that they are involved in different 

functions in plant development. The LeETRl gene is  expressed constitutively throughout 

plant tissues, whereas LeETR2 also shows low expression through the plant, but is induced 

during seed germination, and then down-regulated during etiolated seedling elongation and 

during leaf senescence (Lashbrook et aI . ,  1 998). LeETR3 displays a high level of tissue­

specific expression since it can be detected only in the ovary and at the onset of ripening fruit 

tissues (Lashbrook et aI., 1 998). Although the expression of all LeETR genes overlaps 

throughout plant tissues, at certain developmental stages, only specific receptors are 

expressed to give these spatial and temporal patterns (Lashbrook et aI., 1 998). This suggests 

that each individual ethylene receptor maintains a distinct functional identity via the capacity 

to respond differentially to developmental and environmental cues. 

With the discovery of the putative ethylene receptor, investigation then turned to the 

down-stream signaling components. However, as these studies were being done, critical 

experiments by Hua and Meyerowitz ( 1 998) changed the concept as to how the ETR protein 

interacts with its downstream component. In these, the generation of double (ers I and etr 1 ), 

triple (etr2, ein4 and ers2) and quadruple (etr I, etr2, ein4 and ers2) lost-of-function mutants 

of Arabidopsis did not show an (expected) decrease in ethylene sensitivity but a constitutive 

ethylene response instead (Hua and Meyerowitz, 1 998; Zhao et aI., 2002; Hall and Bleecker, 

2003). This genetic evidence supported the proposal that the wild-type active ethylene 

receptors or their complexes appear to repress ethylene signaling in air. This suggests that 
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when ethylene is  bound to the receptors, the receptor switches to an inactive state and ceases 

to repress the down-stream signal kinases (Hua and Meyerowitz, 1 998). 

1 .3.2. Ethylene signal transduction 

Through screening T-DNA insertion lines of Arabidopsis, one phenotype was identified that 

displayed the triple response without ethylene treatment, and therefore the "constitutive triple 

response" (ctrl) mutant was identified (Kieber, 1 993). The CTRl gene was sequenced and 

shown to have high identity to the Raf-like kinase family of eukaryotes which contains a 

conserved motif for an intrinsic S er/Thr kinase at the C-terminal end of the protein. The CTR 

protein family has been characterized as MAPKKK proteins (Mitogen Activate Protein 

Kinase Kinase Kinases) which act in phosphorylation-based cascade-signalling (Ouaked et aI., 

2003). By using a yeast two hybridization system and in vitro affmity assays, CTR 1 has been 

demonstrated to interact physically with the ETRl and ERS 1 proteins (Clark, 1 998). 

Therefore, an epistatic relationship has been determined in which CTR 1 acts downstream of 

the ethylene receptor and may be controlled by the phosphorylation status of the ETR protein. 

Since CTR 1 acts as a negative regulator of the ethylene response, this suggests that without 

ethylene, the receptor complex (eg. ETR1 )  may associate with CTR1 to mediate downstream 

kinase-based phosphorylation signaling to repress the ethylene response. In the presence of 

ethylene, the ETR 1 dimer might become dephosphorylated, and CTR 1 then ceases its 

downstream phosphorylation function (Bleecker, 1 999). The association of ETR with CTR 

has been supported by the localisation of these proteins in cells. Using immunoelectron 

microscopy, the ETR 1  receptor has been localized in endoplasmic reticulum (ER) (Chen et aI., 

2002), and furthermore, the CTR1 protein, but not the mutant protein, has also been detected 

to be associated with the ER membrane through immunoblot assays (Gao et aI., 2003 ). 

Through in-gel kinase assays, the downstream MAPK module members have been isolated 

and characterized. Two proteins from Medicago truncatula have been isolated and designated 
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as SIMK and MMK3, and one protein isolated from Arabidopsis is designated as MPK6. All 

of these proteins are activated immediately by treatment with ACC, and are inactive by 

treatment with ethylene biosynthesis inhibitors. Therefore, they have been confIrmed as 

downstream MAPK module members (Ouaked et aI., 2003). After that, by using 

hemagglutinin epitope (HA)-tagged versions of SIMK, one MAPKK protein was isolated, and 

designated as SIMKK. This kinase can be rapidly activated by ACC treatment, which can also 

activate SIMK and MMK3 (Ouaked et aI., 2003). That suggests that ethylene is a positive 

regulator of the SIMKK and SIMK or MMK3 proteins. 

Over-expression of SIMKK in Arabidopsis resulted in an ethylene constitutive response 

phenotype. Since this is the same as the ctr 1 phenotype, it suggests that the SIMKK protein 

has an opposite function to the CTR l protein which is upstream of the MAPK module 

component. Through the gain-of-function assays in the etr 1 mutant of Arabidopsis, MPK6 

activity is lost, even when treated with ethylene, which suggests that signalling downstream 

of the MAPK module kinase activity is dependent on the ethylene receptors (Ouaked et aI., 

2003). 

Taken together, ethylene signal transduction in the cytoplasm is through the MAPK cascade 

module mechanism (Figure 1 .2), but within this module family, the upstream (CTRl )  and the 

downstream components (SIMKK, and SIMK) have opposite functions in mediating ethylene 

response. Also the multiple numbers of this module component (eg. SIMK and MMK3) may 

have other regulatory mechanisms for controll ing this signal transduction pathway. 

1 .3.3. Ethylene responses in the nucleus 

Using similar approaches as that used to isolate the etr 1 mutants (EMS mutagenesis), two 

ethylene insensitive phenotypes mutants were isolated and designed as EIN2 and EIN3. By 

using double mutant gain-of -function assays, both loci were found to be epistatic to the ctr 1 

allele, and functionally CTRl can repress the EIN2 and EIN3 phenotype (Roman et aI., 1 995). 
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This suggests that both EIN2 and EIN3 act as ethylene activators in the signal transduction 

pathway. Examination of the protein sequence and structure of EIN2 reveals that it contains a 

membrane spanning region in the N-terminal region, and also a coiled-coil structure in the 

COOH-terminal region which has a role in protein-protein interactions. The EIN2 protein has 

been proposed to be located at the nuclear membrane for ethylene signal transduction into the 

nucleus (Chang and Shockey, 1 999), although its fmal localization is yet to be determined. 

Plants of Arabidopsis, in which EIN3 is over-expressed, display the ethylene constitutive 

response phenotype (Bleecker and Kende, 2000), and the ein3 mutant did not or only partially 

alter EIN2 function in the gain-of-function assay, suggesting that the EIN3 protein may act 

downstream of EIN2 (Bleecker and Kende, 2000). Examination of the EIN3 protein sequence 

and structure, suggests that it is a nuclear-localised protein (Guo and Ecker, 2004), and the 

protein has been found to be bound to the promoter sequences of the glutathione synthesis 

transferase (GST- l )  gene (Itzhaki et aI., 1 994), the E4 gene (Montgomery et aI., 1 993), the 

LE-Ae01 gene (Blume and Grierson, 1 997), and the ethylene response factor (ERF l )  (Solano 

et aI., 1 998). These observations suggest that EIN3 acts as a transcription activator (Chang 

and Shockey, 1 999). Another three EIN3-like genes have been isolated, and their functions 

and sequences are highly similar to the EIN3 gene (Roman et aI., 1 995), implying that the 

ethylene response in the nucleus can be controlled by multiple factors for different responses. 

An interesting fmding is ERF1, the transcription of which is regulated by the EIN3 protein. 

The ERF 1 protein is also a transcription factor, and has been found to bind to the specific 

ethylene response domain, the GCC-box, which occurs in the promoter regions of many 

ethylene-related genes, including �-chitinase (Shinshi et aI., 1 995), PDF 1 .2 (Penninckx et aI., 

1 996), Hookless 1 (Lehman et aI., 1 996). Therefore, the ethylene signal response in the 

nucleus may occur through a transcription cascade that can induce the transcription of a wide 

array of genes. 
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1 .4 Regulation of ACC oxidase gene expression in 

higher plants 

Families of multiple ACC oxidase genes have been isolated and differentially expressed in 

tissues of many plant species, and these have been shown to respond to different stimuli. Thus, 

ACO genes appear to be involved in regulating functions in a tissue-specific manner (Barry et 

aI., 1 996). 

1 .4.1.  Tissue specific patterns of expression 

Through the use of specific probes for each ACO isoform, many members of ACO gene 

fami lies display tissue-specific expression patterns. For example, in the tomato ACO family, 

both LE-AC01 and LE-Ae03 expression is dominant in senescent leaves, fruit, and flower 

tissues (Barry et aI., 1 996), whereas LE-AC01 and LE-AC04 are expressed in preclimacteric 

fruit, and then expression increases greatly when ripening commences (Nakatsuka et aI., 

1 998). Most LE-ACO genes are spatially regulated throughout flower development with 

LE-AC01 expressed predominately in petals, the stigma, and the style, LE-AC02 expression 

is limited to the anther cone, whereas LE-AC03 transcripts accumulate in all of the floral 

organs excluding the sepals (Barry et aI., 1 996). In common with expression during 

development in tomato, the expressions of four members of the ACO gene family of Petunia 

are also regulated in floral tissue. The mRNA for PH-AC01 is detected in sepals, the corolla, 

anthers, and pistils, while expression of PH-AC03 and PH-AC04 is restricted to the pistils 

(stigma, style, and ovary) of the flowers (Fernandez Maculet and Yang, 1 992). Moreover, 

expression of these genes in the pistil depends upon the developmental stage of the flower. In 

the stigma and style, these three genes are expressed in a co-ordinated fashion, but the 

transcript in the ovary is primarily PH-AC01 (Fernandez Maculet and Yang, 1 992). From 

these studies with tomato and Petunia, the expression patterns of the ACO gene families 

reveal that at least in flower tissues, these genes have a tissue-specific expression pattern, and 
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this may relate to their developmental functions. In broccoli, expression of A CC-OX] has been 

detected in senescent tissue and reproductive tissues, but ACC-Ox2 is only expressed in 

reproductive tissues (pogson et aI., 1 995). Three members of ACO gene family in melon also 

show a tissue-specific expression pattern. Expression of CM-ACO] is induced in ripe fruit, 

while CM-AC02 is expressed at a low level in etiolated hypocotyl s, while expression of 

CM-AC03 is predominantly in flower tissues (Lasserre et aI., 1 996). There are two distinct 

ACO genes reported in peach, with expression of PP-ACO] detectable in flowers, fruitlet 

abscission zones, the fruit mesocarp and young fully expanded leaves (Ruperti et aI., 200 1 ). 

The accumulation of this transcript strongly increases during fruitlet abscission, mesocarp 

ripening, and leaf senescence. In contrast, the expression of PP-AC02 can only be detected 

during early development of fruit tissue. During seedling growth, both genes can be detected 

in the epicotyl and root with PP-A C02 more highly expressed when compared with 

PP-ACO] (Ruperti et aI., 200 1 ). In mung bean hypocotyls, only two ACO genes have been 

isolated. The expression of VR-ACO] is  high in all tissues of seedlings, while only low levels 

of expression of the second gene, VR-AC02, can be detected in the hypocotyls (Kim and 

Yang, 1 994). These studies reveal that regulation of ACO gene expression is not only limited 

to certain developing stages of specific tissues (eg. reproductive tissues) but are expressed in a 

range of tissues throughout the life cycle of the plant from seed germination to fruit ripening 

and leaf senescence. As well, the expression of gene members can overlap in some specific 

stages of development, but usually the expression of one is higher than the others in family. 

(Kim and Yang, 1 994; Ruperti et aI., 200 1 ). 

In vegetative tissues of sunflower, expression of the ACCO] gene is high in root tissues, 

while the expression of the ACC02 is mainly confirmed to leaf and hypocotyl tissues. The 

remaining member of the gene family, ACC03, can be detected in leaves, hypocotyls, and 

roots during seedling growth, but at a lower, constitutive level (Liu et aI., 1 997). In potato, 

expression of both ST-ACO] and ST-AC02 is high in leaf tissues, but is lower in the root and 
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tuber tissues. In leaves, the expression of ST-ACOl is predominantly in the senescent leaves, 

whereas ST-AC02 is expressed in young and green leaves only (Nie et aI., 2002). In tobacco, 

the expression of NG-ACOl and NG-AC03 is high in senescent leaves, while NG-AC02 is 

constitutively expressed during all stages of leaf development. In root tissues, both NG-ACOl 

and NG-AC03 are highly expressed, whereas NG-AC02 is expressed predominantly in stem 

tissue (Kim et aI., 1 998). In tomato leaf tissues, LE-A COl is barely detectable in green leaves, 

but at the onset of senescence, gene expression increases 27-fold, and continues to rise 

through to the mid-senescence stage and then declines slightly at the late senescence stage. 

The LE-AC02 and LE-AC04 transcripts were not detectable in leaves either at the young 

developing or senescent developmental stages. The expression of LE-AC03 can only be 

detected in senescent leaves, but its level of expression is only half that of LE-A COl (Barry et 

aI . ,  1 996). These observations suggest that in vegetative tissues, members of the ACO gene 

families may have distinct expression patterns as well as overlapping regulation patterns in 

some developing tissues, such as is observed during seed germination or senescence of leaves. 

1 .4.2. Patterns of ACO expression induced by external cues 

Since most ACC oxidase genes display a tissue-specific pattern of expression at different 

plant developmental stages, it follows that developmental and/or environmental cues may also 

regulate expression of different members of ACO gene families. In tomato, when leaf tissues 

are wounded, an increase in expression of LE-ACOl only can be detected (up to l l -fold) 

(Barry et aI., 1 996). This gene not only responds to wounding, but also can be quickly 

induced in leaves by exposure to ozone (Moeder et aI., 2002), ethylene or by pathogen attack 

(Blume and Grierson, 1 997). Thus in tomato, it appears that only one of the ACO genes is 

responsive to stress signals. This type of regulation can also be found in other plant species. 

For example, in melon the expression of CM-ACOl is increased sharply after wounding 

and/or ethylene treatment, whereas CM-AC03 did not show any change in expression under 
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the same treatment (Lasserre et aI., 1 997). The response to wounding and ethylene is 

proposed by the authors to involve distinct mechanisms. As evidence of this, if tissues were 

pre-treated with I -MCP (an inhibitor for ethylene action), the ethylene-induced CM-ACOl 

transcripts was inhibited, but the wounding-induced increase of CM-ACOl expression was 

not (Bouquin et aI., 1 997). In the peach ACO family, both ethylene and wounding induces the 

expression of PP-ACOl in senescent leaves and in ripe fruits, but not PP-AC02 (Ruperti et 

aI. ,  200 1 ). In apple, the AP4 ACC oxidase gene (ACO l ), which is specifically expressed in 

ripening fruit, can also be induced by ethylene and wounding in fruit tissue. Interestingly, the 

time of induction in response to ethylene (3-5 days) differs from the timing of the response to 

wounding (24 h) (Dong et aI., 1 992; Ross et aI., 1 992). A similar response can also be 

detected in papaya, in which CP-AC02 is induced by ethylene in ripening fruit and senescent 

leaves, but not the other ACO family member, CP-ACOl (Chen et aI., 2003). In potato, 

ST-ACOl is highly expressed in wounded leaves, but ST-AC02 expression is not affected (Nie 

et aI., 2002). In mung bean, only VR-ACOl expression is induced by wounding and ethylene 

treatment, although in this tissue the wound response appears to be induced by ethylene. As 

evidence, the addition of AOA (aminooxyacetic acid) and NBD (2,5-norbomadiene; inhibitor 

of ethylene action) can block the wound induction, but exogenous ethylene can restore the 

effect (even in the presence of the inhibitor). This suggests that in this tissue, the induction of 

VR-ACOl by wounding is mediated by ethylene (Kim and Yang, 1 994), and also implies that 

both the ethylene and wounding responses can either be mediated via individual pathways or 

can be co-ordinated. 

In addition to the wounding and ethylene stimuli, ACO gene expression can also be induced 

by the other hormones. During seed germination of chick-pea, ACO expression declined 

during the post-germinative period, but the application of lAA ceased the decline in 

expression and induced more ACO transcripts. In contrast, ABA treatment inhibited the 

induction of ACO gene expression (Gomez-limenez et aI., 200 1 ). In rice, expression of the 
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OS-AC02 was markedly increased by IAA treatment of etiolated seedlings, but the expression 

of OS-AC03 was greatly increased by ethylene treatment. Interestingly, the auxin-induced 

increase in OS-AC02 expression was partially inhibited by ethylene, whereas the 

ethylene-induced expression of OS-AC03 was completely blocked by auxin treatment (Chae 

et aI., 2000). This observation suggests that hormone cross-talk can be mediated through the 

biosynthetic pathway at a transcription level. In most orchid flower tissues, ACO gene 

expression can be induced by both IAA and ethylene and responses to both stimuli show 

similar patterns in most flower parts (Zhang et aI., 1 999). Another interesting example is in 

mung bean, in which expression of the VR-ACOl gene is induced by ethylene treatment (Kim 

and Yang, 1 994), but this induction can be suppressed by !AA and N6-benzyladenine (BA) 

treatment. In mung bean hypocotyls tissue, addition !AA or BA did not change the basal 

expression of ACO, but when combined with ethylene, specific transcripts of VR-ACOl were 

induced. This suggests that VR-ACOl expression may have a positive feedback control, but 

this feedback regulation can be suppressed by added IAA or cytokinin (Kim et aI. ,  200 1 ). In 

epicotyls of azuki bean, AB-AeOl expression can be repressed by GA3 treatment after 10 h of 

incubation, whereas applied lAA did not alter the level of AB-A COl transcripts. Interestingly, 

GA3 treatment also stimulated ethylene production (Kaneta et aI., 1 997) implying that GA 

may have different regulatory effects on the multi-ACO gene family of azuld bean. In  

cucumber fruit, the expression of  CS-ACOl can be  induced either by wounding or lAA 

treatment, but the expression of CS-A C02 i s  not affected by either stimulus (Shiomi et aI., 

1 998). 

Through screening of AB A-treated lines of sunflower for drought-tolerance, five clones were 

isolated, and one of these had increased expression of HA-ACO (Ouvrard et aI., 1 996). This 

implies that ACO expression can be induced by ABA treatment under drought stress. In mung 

bean, ABA treatment of hypocotyls reduced the ethylene-induced accumulation of VR-ACOl 

(Kim et aI., 1 997). That suggests the ethylene can interact with ABA to regulate the response 
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to different environmental cues. Taken together, these observations support the view that most 

of the main plant hormones can control AeO expression in a tissue/function-specific manner 

and so regulate ethylene biosynthesis. This also confirms that in common with most plant 

physiological and developmental responses, hormones to act synergistically with each other. 

AeO expression is not only regulated by wounding or other hormonal cues, but is also 

regulated by environmental signals. For example, in sorghum, a mutant deficient in functional 

phytochrome B exhibits reduced photoperiodic sensitivity (Finlayson et aI . ,  1 999). Further, its 

ethylene production is increased 1 0-fold, but this synthesis is only commensurate with the 

abundance of SB-AC02 expression in the mutant when compared with the wild-type. When 

both mutants and wild-type plants were treated with shading, increased expression of 

SB-AC02 can be detected in both cultivars. This suggests that SB-AC02 gene regulation is 

coupled to a diurnal rhythm mechanism, and that light can also control AeO gene expression 

(Finlayson et aI . ,  1 999). The other case of l ight regulation in AeO expression is observed in 

Chenopodium rub rum seedlings in which AeO enzyme activity increased when plants were 

transferred from light to dark and decreased when plants where placed back in the light 

(Machackova et aI., 1 997). AeO activity did not change in continuous light, whereas if plants 

were incubated in constant dark, high activity was only observed at an initial time and then 

expression decreased (Machackova et aI . ,  1 997). This implies that at least two separate 

mechanisms maybe involved in generating the ethylene production rhythm; one in response to 

the loss of phytochrome B function and another is response to shading (Finlayson et aI., 

1 999). 

There are many studies that report that stress factors can induce ethylene production, which 

implies that AeO gene expression is also regulated by stress factors. In potato, heat (40°C), 

cold (O°C) and/or soil-flooding treatments to the shoots or tuber tissues, results in the 

induction of ST-ACOl, whereas expression of ST-AC02 is only induced by the cold stress 

(Nie et aI., 2002). In addition, inoculation of leaf, stem and tuber tissues of potato with the 
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potato virus A (PVA) only induces the expression of ST-ACOl. Together, these data suggest 

that most stress factors that induce ACO expression do so in a gene-specific manner (Nie et 

aI . ,  2002). Exposure of plant tissues to ozone can also induce ACO gene expression. In tomato, 

an increase in expression of LE-ACOl coincided with the rate of ethylene production of 

leaves increasing when exposed to ozone, but the transcription of the wound-inducible 

proteinase inhibitor II gene was lUldetectable in same ozone treated leaves. This suggests that 

the response to ozone stress may differ from the wounding stress pathway in terms of 

regulating LE-A COl expression (Nakaj ima et aI., 200 1 ). Exposure to plant pathogens also 

regulates ACO gene transcript level in tobacco. In response to TMV infection, the expression 

of both NG-ACOl and NG-AC03 were significantly induced, but in a mock treatment which 

caused mild wounding, only NG-AC03 increased in expression. In addition, treatment of 

tobacco leaf tissues with salicylic acid, methyl jasmonate and CUS04 resulted in differential 

expression, with both NG-ACOl and NG-AC03 induced. In contrast, NG-AC02 expression 

did not change in response to any stress stimulus treatment. This reflects that stress and 

wounding regulatory mechanisms are different in the NG-ACO gene family, and confIrms that 

the stress response also can occur in a gene-specific manner (Kim et aI., 1 998). 

Mechanisms of phosphorylation and de-phosphorylation are also involved ill controlling 

many biological processes, including metabolism, catabolism, signal transduction or even the 

circadian rhythm. This post-translational mechanism has also been reported to be involved in 

regulating ACO gene expression. For example, in rice, OS-AC02 expression is induced by 

auxin, but suppressed by ethylene treatment. This cross-talk between the hormonal networks 

can also be regulated by applying okadaic acid (an inhibitor of protein phosphatases). For 

example, the auxin induction of OS-AC02 can be suppressed by okadaic acid treatment 

suggesting that protein dephosphorylation plays a role in controlling lAA signals that regulate 

ACO gene expression (Chae et aI., 2000). In mung bean, the expression of VR-ACOl can be 

stimulated by ethylene treatment, but if staurosporine (an inhibitor of protein kinase) is added, 
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this ethylene-induced effect is repressed When okadaic acid is applied to mung bean alone, 

no changes in VR-ACOl expression are observed but when ethylene is added, the increase in 

VR-ACOl expression is not as marked. This suggests that the ethylene s ignal transduction 

may be tightly coupled to protein phosphorylation! de-phosphorylation and that this affects 

the feedback regulation by ethylene on its own biosynthesis  pathway (Kim et al., 1 997). 

1 .4.3. Analysis of the ACO gene promoter 

To obtain further information on the regulation of ACO gene expression in vivo, there have 

been studies in which ACO promoter sequences have been analysed. In general, these have 

involved the use of promoter: reporter gene fusions and the use of plant transgenic 

backgrounds. In tomato, LE-ACOl is the major gene expressed during ripening, leaf 

senescence, and in response to wounding (Barry et al., 1 996). Using deletion assays from the 

5 'end, these authors determined that a short sequence ( 1 24 bp) of the LE-ACOl promoter can 

direct a basal level of tissue-specific expression (eg. fruit-ripening-specific), but responses to 

the other stimuli are lost. In contrast, two other promoter constructs (396 bp, designated as 

p396 and 1 825 bp, designated as p 1 825) did direct more intense expression in tissues and did 

respond to different stimuli. Both of the two longer promoter constructs (p396 and p 1 825) 

also displayed different expression patterns in response to stimuli. For example, when treated 

with ethylene, the p396 construct directed twice the expression when compared with the 

p 1 825 construct in mature green fruit, but in leaf tissues, the expression patterns directed from 

both promoters is similar. In response to methyl jasmonate treatment, the p396 construct 

directed significantly higher expression when compared with the p 1 825 construct� but in 

response to powdery mildew infection, the differences in the level of expression was reversed. 

Further, the p396 construct directed two-fold more expression when compared with the p1 825 

construct in senescent leaves and in the petiole abscission zone (Blume and Grierson, 1 997). 

These results demonstrate that ACC oxidase is regulated at the transcriptional level, and that 
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different regions of the promoter provide domains for different stimuli to regulate ACO gene 

expression. Further individual domains can interact with other domains to form complex 

regulatory mechanisms (Blume and Grierson, 1 997). 

The apple AP4-ACO gene promoter has also been studied through a series of 5 '  deletions 

fused to the GUS reporter gene, fol lowed by transformation into tomato. The results from this 

heterologous expression system reveals that the shorter promoter construct (450 bp) directs a 

basal fruit tissue-specific pattern, but without the ripening developmental pattern. However, 

two longer promoter constructs ( 1 1 59 bp and 1 966 bp) did both direct tissue- and ripening­

specific expression. Of interest is that the shorter promoter sequence ( 1 1 59 bp) contains an 

agamous (AG) binding site which is involved in floral tissue developmental identity. The 

1 996 bp sequence contains two potential ethylene response elements (EREs) which are found 

in many ethylene response gene promoters. Therefore, the AP4 promoter has at least 3 major 

regions :  one related to tissue-specific regulation, one related to ripening-specific expression, 

and the third related to ethylene responses (Atkinson et aI., 1 998). This implies that regulation 

of the ripening process, tissue-specificity, and the ethylene response are all directed by 

different binding factors. In other studies on ACO gene promoters using transgenic 

approaches, the promoters from two ACO genes of melon, CM-AC01 and CM-AC03, were 

each fused with the GUS reporter gene and transformed into tobacco. The results showed that 

pCM-AC01 driven GUS activity increased sharply with the onset of leaf chlorophyll 

breakdown, but did not drive expression in floral tissues, whereas GUS driven from the 

pCM-A C03 was highly expressed in mature green leaves and declined at the onset of 

senescence. Further, dense GUS staining was apparent in most floral tissues. This expression 

pattern is consistent with the expression patterns of the gene family established using northern 

analysis. When the transgenics were treated with other factors, the results showed that GUS 

expression driven from the CM-AC01 promoter can be induced by ethylene, wounding, and 

heavy metal (CUS04) treatment. In each of these, expression was 2 to 3-fold high than 
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expression directed from the CM-AC03 promoter. For auXIn treatment, both promoter 

constructs did not show any response, but when infected with pathogens, the CM-AC01 

promoter was activated rapidly, whereas the CM-AC03 promoter did not show any response 

in terms of directing GUS expression. Therefore, the senescence-tissue associated CM-AC01 

promoter can be activated by a range of stress factors including pathogen infection, whereas 

the green-tissue-associated CM-AC03 promoter only has a basal response to stress and can 

not be activated by pathogen infection. The reason for these patterns of activation maybe due 

to the promoter sequence structure. In the CM-AC01 promoter, two EREs, seven 

wounding-response-element (WUNs), two drought response elements (DREs) and three 

elictor response elements (designated PI, ELl and BRE) can be identified. In contrast, the 

CM-AC03 promoter sequence contains seven stigma/style specific elements (SLG 1 3  boxes), 

two flower-specific Myb binding elements (H-boxes), three drought response elements (DREs) 

and two heavy metal response element (MTREs) (Lasserre et aI., 1 997). These observations 

imply that the tissue-specific and response-specific regulation patterns may depend on the 

transcription factor domains within each promoter sequence. 

Similar experiments have also been applied to the peach Aeo family. In these, the PP-AC01 

and PP-AC02 promoters have been isolated, fused to the GUS gene and both constructs 

transformed into a heterologous host, tomato. The results showed that the GUS expression 

driven from the PP-AC01 promoter was observed throughout most developmental stages of 

the leaf, whereas GUS expression driven by the PP-AC02 promoter was only observed in 

senescent leaf tissue, and at a lower level when compared with PP-AC01 at the same 

developmental stage. The PP-AC01 promoter can also drive expression in mature green fruit 

tissues, and increased GUS activity is observed during the initial ripening stage, while the 

PP-AC02 promoter directed only very low expression in fruit tissues. When transgenic plants 

were wounded or treated with ethylene, the PP-AC01 promoter was activated in senescent 

leaf tissues and in fruit at the immature stage, whereas the PP-A C02 promoter did not drive 
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any increase in expression in leaves and fruits: in  fact a slight decrease in GUS activity was 

observed Of interest are observations in the abscission zones of fruits and leaves. In these 

tissues, both promoters can drive equal levels of expression, but neither respond to an 

ethylene stimulus (Rasori et aI., 2003). Variable lengths of promoter also showed GUS 

expression difference among tissues. In a 403 bp PP-Ae01 promoter: :GUS construct, GUS 

expression was detected in tomato fruit, but not in other tissues. If a 901 bp region was used, 

more GUS staining was observed in the fruit, and a 2 1 4 1  bp construct can drive GUS 

expression in fruit from the green stage to the mature stage (Moon and Callahan, 2004). 

In a more detailed analysis of each promoter, the PP-Ae01 promoter sequence has been 

examined for possible transcription factor binding domains and one primary ethylene 

response element (PERB), a secondary ethylene response element (SERB), one putative 

repressor region (N-), an enhancer element (CATT-box) and two auxin response elements 

(AUX-re) have been identified. Further, these authors also undertook 5 '  deletion assays in 

combination with transient expression assays in peach fruit tissue. The results revealed that in 

ethylene-treated fruit tissues, GUS activity can be induced from the full length promoter 

sequence, but once the AUX-re and CA TT-boxes are deleted, activity was reduced 

significantly to only 3 3  % of the full-length sequence. In contrast, if the SERB and 

N- elements are deleted, GUS activity was slightly increased constitutively, but there was no 

increase in response to ethylene treatment (Rasori et aI. ,  2003). This suggests that pp-Ae01 

gene expression is tightly linked to the ethylene response factors, and other transcription 

factors which are derived from different signals. 

Together, these promoter analyses with expression in vivo using transgenic plants reveals that 

the expression of ACO multi-gene families in plants is controlled mainly at the transcriptional 

level. The function and the nature of transcription factor binding domains necessary for 

tissue-specific expression is still not clear, but for those stress factors (eg. pathogen infection , 

wounding) and the other hormones response factors (eg. IAA, ethylene), the identification of 
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their binding elements is becoming more reliable. 

1 .5 ACC oxidase gene studies in white clover 

In pastures, white clover (Trifolium repens L.) is one of the most economically important 

agronomic species among the 200 to 300 species that comprise the genus Trifolium, and is 

considered the most important pasture legume in many temperate climates throughout the 

world (Baker and Williams, 1 987). In New Zealand, it is grown in mixed swards with rye 

grass (Lolium perenne) and as the clover provides fixed nitrogen to the pasture ecosystem, the 

mixed sward is considered to provide a high quality feed for livestock (Brougham et aI., 

1 978). 

White clover has a stoloniferous growth habit, with the basic structure of the stolon 

comprising of a series of intemodes separating the nodes which form as a result of growth at 

the apical bud. Each node contains a long petiole which supports the trifoliate leaf, two root 

primordia, and an axillary bud as the basic structure. The uppermost root primordium is 

normally dormant when compared with the lower one, whereas the lower primordium can 

give rise to a fibrous root in moist conditions. The axillary bud from each node is also 

normally in the dormant state, but during development and in response to some environmental 

cues, the bud can differentiate into an inflorescence structure or produce another lateral stolon. 

The trifoliate leaf is comprised of three leaf blades, each supported by a small petiolule, that 

acts as a pulvinus, and connects the leaf blade to the petiole. These trifoliate leaf blades have 

nastic movements that follow a diurnal cycle to fold and un-fold the leaves (Baker and 

Williams, 1 987). The growth of the stolon is indeterminate, but normally during spring time, 

many stolons senesce and fragment to produce a higher proportion of plants with first order 

branching (Hay et aI., 1 989). In summer, plants often possess up to six orders of branching 

from the initial main stolon (Brock et aI., 1 988). 

Carbohydrate is the major storage form of carbon, which IS  stored ill the stolon. The 
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carbohydrate is produced primarily in the leaves, but is also reallocated from older stolon 

fragments to the apical tissues and younger stolon tissues (Chapman and Robson, 1 992). 

During senescence of old tissues, the stolon tissues and the older leaves change from being a 

reservoir of carbohydrate to exporters of carbon. This reallocation process can be initiated by 

a variety of environmental cues, including shading, drought, pathogen infection or nutrient 

deficiency (Thomas and Stoddart, 1 980). During normal development, and without other 

stimuli, leaf senescence is regulated in an age-dependent manner (Lohman et aI., 1 994). 

Therefore, leaf senescence is a highly regulated developmental phase where degraded 

macromolecules are mobilized to young, developing or storage tissues (Buchanan Wollaston, 

1 997). This developmental change also may be important in preventing the maintenance of a 

leaf past its useful role of supplying carbohydrate to the distant apical tissues (Bleecker and 

Patterson, 1 997). This also implies that senescence of leaves and stolons is a key factor in the 

persistence of white clover in pastures. 

The white clover stoloniferous growth pattern, therefore, provides a good model system for 

studying leaf ontogeny in which leaves at different developmental stages from initiation at the 

apex, to mature-green to senescence and then necrosis can be excised from the same stolon. 

The use of this system is also useful in providing genetically identical tissues through the 

vegetative propagation of stolon material in the glasshouse. 

Several studies have used this sequential nature of white clover stolon growth to analyse 

ethylene biosynthesis and physiology in relation to leaf ontogeny. Firstly, the ethylene 

produced from white clover has been characterized during leaf ontogeny (Butcher et aI., 

1 996). High ethylene production is observed at the apex which then declines as the 

chlorophyll concentration starts to increase. In node numbers 3 to 9, the leaves are expanding 

and the chlorophyll content increases but ethylene production is at a consistently low level. 

After the leaf is fully expanded and the onset of senescence is observed, the chlorophyll 

content starts to decline, but the ethylene evolution increases (Butcher et aI., 1 996; Hunter, 
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1 998). This increase in ethylene evolution maybe due to the increased activity of the 

ACC-mediated biosynthetic pathway (Butcher et aI., 1 996). After this physiological 

characterization, three ACe oxidase cDNAs have been isolated and cloned from white clover 

leaf tissues, and designated as TR-ACOJ, TR-AC02, and TR-AC03 (Hunter, 1 998;  Yoo, 1 999) 

The expression of TR-ACOJ is predominantly in the apical tissues, TR-AC02 expression is 

mainly in the green leaf tissues, with highest expression in newly initiated leaf tissues, and 

TR-AC03 expression is initiated in newly senescent leaf tissues and increases with leaf 

yellowing and then declines at leaf necrosis (Hunter et aI., 1 999). Southern blot analysis, 

using the TR-A C03 coding sequence as a probe detected two copies of the gene, but when 

using 3 '  UTR sequences as a probe only a subset of fragments were recognized, suggesting 

that a fourth Aeo gene may exist that has identity to the reading frame of TR-AC03, but a 

distinct 3 '-UTR region. In further experiments, it has been shown that TR-AC02 expression is 

induced by ethylene, and is negatively regulated by ageing, In contrast, TR-AC03 expression 

can be induced by wounding and ageing but expression of the gene is not induced by ethylene 

(Hunter, 1 998;  Yoo, 1 999). 

1 .6 Research aims 

In this study, the focus was mainly on the extension of studies that examined the three ACO 

genes of white clover. The aim was to initiate the understanding of factors that regulate the 

developmental-stage-specific expression of this gene family during leaf ontogeny. Therefore, 

the specific objectives of this thesis were: 

I .  To isolate the promoter sequences corresponding t o  TR-ACOJ, TR-AC02 and TR-AC03. 

H .  To analyze each promoter sequence using bioinformatic approaches to identify any 

candidate transcription factor binding domains. 

Ill .  To construct p TR-A CO::GUS reporter gene fusions and express these in a heterologous 
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host, tobacco, and in white clover to determine the tissue-specific nature of promoter-directed 

GUS expression. 



Chapter 2 Materials and Methods 

2 .1  Plant material 
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White clover (Trifolium repens L.) genotype 1 0F of cultivar Grasslands Challenge 

(AgResearch Grasslands, Palmerston North, NZ) was used for most wild-type experimental 

analysis in this study (Figure 2 . 1 ). The plants were propagated in horticultural grade 

bark/peat! pumice (50:30:20) (Dalton Nursery Mix, Tauranga, NZ) with potting mix nutrients 

[dolomite (3 gIL), agricultural lime (3 gIL), iron sulphate (0.5 gIL), osmocote (5 gIL)] added, 

and the plants grown in temperature-controlled greenhouses (Plant Growth Unit, Massey 

University, Palmerston North, NZ). The temperature was set at a minimum of 1 2°C during the 

night, 20°C during the day, and with venting when the temperature reached 25°C .  Plants were 

watered at 1 0  am and 5 pm for 5 min each using a time-controlled dropped watering system 

(Automation Services Ltd., Auckland, NZ). Aphids and whitefly were controlled by spraying 

with the insecticide Attack@ (Crop Care Holdings Ltd. , Richmond, Nelson, NZ). 

2.2 Chlorophyll quantification 

Leaf tissue was excised free from the leaf midrib, ground in liquid nitrogen and 50 to 200 mg 

aliquots mixed with 1 mL of dimethylformamide (DMF). The mixture was then incubated at 

4°C for 48 h in the dark, the sample was mixed vigorously by vortexing and the cellular 

debris pelleted by centrifugation at 20 800 x g for 5 min. An aliquot ( 1 00JlL) of supematant 

was then mixed with 900 JlL of DMF in a fresh tube, the diluted solution then placed into a 1 

mL glass cuvette and the absorbance at 647 nm and 665 nm determined using a 

spectrophotometer (LKB Novaspec@n, Pharmacia, Biochrom Ltd. Cambridge, UK). The 

chlorophyll concentration was calculated using the following formula: 

Chlorophyll a 

Chlorophyll b 

12 .7  A&is - 2.79 �7 (mglmL) 

20.7 �47 - 4.62 A&;s (mg/mL) 
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a 

b 
N Smm 

Figure 2.1 Wh ite clover plant material and tissue structures 

A An individual stolon comprising leaf tissue at d ifferent developmental stages 

c 

B Diagrammatic representation of the structure of a stolon of white clover (from 

Baker et al . ,  1 987) 

C Diagrammatic representation of the structure of a node (from Baker et al . ,  1 987) 

MS= main stolon, AB= axi l lary bud, LB= lateral branches, LS= lateral stolons, S= 

stipule, Pe, petiole, RT, nodal root primordium , 1= i nflorescence, P= peduncle ,  ST = 

stipular tube, N= node, SA= stipule apex, SH= leaf sheath. The numbers represent 

the node number. 



Total Chlorophyll = 1 7.9 Ao47 - 8.08 Ao65 (mg/mL) 

2.3 Chemicals 
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Unless otherwise stated, the chemical regents used were analytical grade, obtained from either 

BDH Laboratory Supplies (pool, Dorset, England), or Sigma-Aldrich Chemical Company (St. 

Louis, Mo., USA). The laboratory supply of purified water used for making solutions was 

itself produced by reverse-osmosis (RO), followed by microfitration (Milli-Q, Millipore Crop., 

Bedford, MA, USA). 

2.4 Isolation of genomic DNA 

Genomic DNA was isolated either using the Nucleon PhytoPure™ kit (Amersham Pharmacia 

Biotech, Piscataway, NJ, USA), or by a modified method of Junghans and Metzlaff, ( 1 990). 

For the kit method, approximately 0. 1 g of fresh or frozen young leaf tissue was ground to a 

powder in a pre-chilled mortar containing liquid nitrogen. The powder was transferred into a 

2-mL capacity centrifuge tube, and was mixed thoroughly in 600 ilL of Reagent- l (Nucleon 

PhytoPure™). Following the addition of 200 ilL of Reagent-2 (Nucleon PhytoPure™), the 

mixture was inverted several times until a homogeneous suspension was obtained. The 

mixture was then incubated at 65°C for 1 0 min, with gentle agitation, and then on ice for 20 

min, after which a 5 00 ilL aliquot of pre-chilled (-20°C) chloroform and 1 00 ilL of DNA 

extraction resin suspension (Nucleon PhytoPure™) were added to the mixture. After shaking 

end-over-end for 1 0  min, the mixture was centrifuged at 1 300 x g for 1 0  min at 4°C, and the 

upper (DNA-containing) phase transferred to a fresh centrifuge tube. The nucleic acid was 

precipitated by the addition of an equal volume of ice-cold isopropanol, and then collected by 

centrifugation at 20 800 x g for 5 min. The pellet was washed with 1 ml of ice cold 70 % (v/v) 

ethanol and again centrifuged at 20 800 x g for 5 min to pellet the DNA. Finally, the pellet 

was air dried for 1 0  min, and resuspended in 1 00 ilL of steri le water. 
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For the modified Junghans and Metzlaff ( 1 990) method, approximately 1 .5 g of fresh or 

frozen leaf tissue was ground to a powder in a pre-cooled mortar containing liquid nitrogen. 

The powder was thawed in 1 0  mL of lysis buffer (50 mM Tris-HCI, pH 7.6, 1 00 mM NaCl, 

50 mM EDTA, 0.5 % (w/v) SDS) and 1 0  mL of Tris-buffer phenol (6 mL of 1 M Tris-HCI 

(PH 8 .0), 1 30 mL H20, 500 g commercial phenol crystals, adjust to pH 7 .5  by using 2M 

NaOH) and the mixture shaken vigorously for 3 min. Five mL of chloroform : isoamyl 

alcohol (24 : 1 )  was added and after shaking for another 3 min, the cellular debris was 

pelleted by centrifugation at 26 000 x g for 1 0  min at 4°C, The aqueous phase was transferred 

to a new centrifuge tube containing 5 mL of Tris-buffered phenol and shaken for 3 min. A 

further 5 mL of chloroform : isoamyl alcohol (24 : 1 )  was added and the mixture shaken again 

for 3 min, the aqueous and organic phases separated by centrifugation (26 000 x g for 1 0  min, 

4°C), and the aqueous phase was then transferred to 1 0  mL of chloroform : isoamyl alcohol 

(24 : 1 )  and shaken for a further 3 min. The aqueous phase was again separated by 

centrifugation, transferred to a new tube and cold isopropanol (0.67 volumes) added and the 

mixture gently inverted to precipitate the nucleic acid, which was then pelleted by 

centrifugation at 26 000 x g for 1 0  min. The pellet was then rinsed with 80 % (v/v) ethanol, 

air-dried, re-suspended in 4 mL TESlRNase solution ( 1 0  mM Tris-HCI, pH 8.0, 1 00 mM 

NaCl, 1 mM EDTA, 5 ilL RNase A ( 1 0  mg/ml)) and was incubated at 37°C for 20 min. After 

the addition of 2 mL of Tris-buffered phenol, the mixture was shaken for 3 min, two rnL of 

chloroform : isoamyl alcohol (24: 1 )  added and the solution shaken for further 3 min. The 

aqueous phase was separated by centrifugation, transferred to 4 mL of chloroform : isoamyl 

alcohol (24: 1 ), shaken for 3 min, the centrifugation repeated and the aqueous phase 

transferred to a new tube and the nucleic acid precipitated with ethanol (section 2. 1 0.3). The 

pellet was re-suspended in 500 ilL of 0.25 M NaCI and 0.3 5  volumes of 1 00 % (v/v) ice-cold 

ethanol was slowly added to the tube. The precipitate was incubated on ice for 1 5  min, 

centrifuged (20 800 x g for 5 min at 4°C) and the supernatant transferred to new tube, ethanol 
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precipitated, and the DNA resuspended in sterile water. 

2.5 Digestion of genomic DNA 

Digestion of genomic DNA was undertaken using one of two methods, depending on the 

application. For digestion to make the GenomeWalk™ libraries, an aliquot (2.5 �gI�L) of 

genomic DNA was mixed with 8 � of blunt end restriction enzyme [Dra I ( 1 0  unitl�), Eco 

RV ( 1 0  unitl�L), Pvu II  ( 1 0  unitl�), Stu I ( 1 0  unitl�), Srna I ( 1 0  unitl�) or Nae I ( 1 0  

unitl�L) (Roche Diagnostics, IN ,  USA)], 1 0  �L of 1 0  X restriction enzyme buffer (Roche, 

Mannheim, Germany) and then made up to 1 00 � with Milli-Q water. The mixture was 

gently inverted several times and incubated for 2 h at 37°C. The reaction was then gently 

vortexed and incubated at 37°C for 1 6- 1 8  h. 

For Southern analysis, genomic DNA was digested with three restriction endonuclease 

enzymes (Eco RI, Xba I, and Barn III for wild type plants, and Eco RI, Barn Ill, and Hind III  

were used for transgenic plants). Each digest mixture consisted of 30 �g of DNA, 80 U of 

restriction enzyme, 20 �L of 1 0  X restriction buffer and sterile water added to 200 �L. After 

mixing, the digested reactions were incubated at 37°C overnight, after which, another 30 �L 

of restrction enzymes with 1 0 � of 1 0  X restriction buffer and 60 �L of sterile water was 

added. The reaction mixtures were incubated for a further 3 h at 3 7°C, the DNA precipitated 

with either ethanol or isopropanol (section 2. 1 0.3), re-suspended in 20 �L of sterile water, and 

mixed with 1 1 1 0  volume of 1 0  X SUDE (0. 1 M EDTA, pH 8.0, 50 % (v/v) glycerol, 1 % (w/v) 

SDS, 0.025 % (w/v) bromophenol blue) resolution by agarose gel electrophoresis (section 

2. 1 0. 1 ). 

2.ll Purification of digested genomic DNA 

After restriction enzyme incubation, an equal volume of Tris-buffered phenol was added to 

the DNA and the mixture vortexed gently. After centrifugation at 20 800 x g for 5 min to 

separate the aqueous and organic phases, the upper (DNA-containing) phase was then 
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transferred to a fresh tube, and an equal volume of chloroform added. After vortexing and 

centrifugation (5 mm, 20  800 x g), the upper (DNA-containing) phase was transferred to fresh 

tube, and two volumes of ice-cold 95 % (v/v) ethanol, 1 / 1 0  volume of NaOAc (3 M, pH 4.5)  

and 20 f.!g of glycogen were added. Following vortexing and centrifugation for 1 0  min at 

20,800 x g, the supernatant was decanted and the pellet was washed in 1 00 f.!L of ice-cold 

80% (v/v) ethanol. The pellet was centrifuged for a further 5 min at 20 800 x g, the resultant 

supernatant decanted, and the pellet air dried for 30 min. The purified genomic DNA was then 

resuspended in 20 f.!L ofTE buffer ( 1 0  mM Tris, 0. 1 mM EDTA, pH 7.5) .  

2.7 Ligation of genomic DNA with adaptors 

Four f.!L of digested genomic DNA (O. l f.!g/f.!L; section 2.6), 1 .9 f.!L of GenomeWalker™ 

adaptor (25 f.!M, Clontech, Palo Alto, CA, USA) (Figure 2 .2), and 1 .6 f,!L of 1 0  X ligation 

buffer (Clonetech) were placed in a 0.2 mL tube. The reaction was mixed by gently vortexing 

for 1 0  sec, 0.5 f.!L of T4 DNA ligase (6 U/f.!L, Clonetech) was added and mixed and the 

mixture incubated at 1 6°C, overnight. The reaction was then stopped by incubation at 70°C 

for 5 min, and the mixture diluted to 80 f,!L with TE buffer. 

2.8 PCR methods 

2.8. 1 .  Primary PCR 

The sequences of each gene-specific primer and the adaptor primer for primary PCR for 

promoter isolation using the Genome Walker™ method are shown as Figure 2.2. The 

gene-specific primers (Sigma) were dissolved in sterile water to give a fmal concentration of 

1 mM and stored at -20°C.  For working stocks, the concentration of the primer was adjusted 

to 1 0  f.!M. Each PCR reaction contained 37 .8  f.!L of Milli-Q water, 5 f.!L of 10 X Tth PCR 

Reaction buffer (Clontech), 1 f.!L of dNTP ( 1 0  mM each of dATP; dTTP; dGTP; dCTP, 

(Roche)), 2.2 f.!L of Mg(OAc)2 (25 mM), I f.!L of adaptor primer- l ( 1 0  f.!M, Clontech), 1 f.!L of 
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Adaptor Sequence 

5'-GTAATACGACTCACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGT-3' 

3'--H2N- CCCGACCA-P04-5' 

Adaptor Primers 

AP1 = 5'-GTAATACGACTCACTATAGGGC-3' 

(fi rst round adaptor primer 1 )  

AP2 = 5'-ACTATAGGGCACGCGTGGT-3' 

( second round nested adaptor primer 2) 

First round gene specific primers 

GW-TR1 - R1  = 5'-GGAAGATGGCGCAAAAAGAAAGTGCTTICC-3' 

(specific sequence in TR-AC0 1) 

GW-TR-2+3-CON-R1 = 5'--TCC CAR TCC ATR TCT TTG ACC TCA GTT TG-3' 

(specific conserving sequence i n  TR-AC02 and TR-AC03) 

Second round gene specific primers 

GW-TR1 -R2 = 5'- ACTGAACACACTCCAAACCTTIGCTTGAAACC-3' 

(specific sequence in TR-AC0 1) 

GW-TR-2-R2 = 5'-- GTTGGCCACCAAATCCTTGAATCTTTGTTC-3' 

(specific sequence in  TR-AC02) 

GW-TR-3-R2 = 5'-- GACCTAGAATATGAATGTGGAACC-3' 

(specific sequence in  TR-AC03) 

Figure 2.2 Sequence of the adaptor and the primers for promoter isolation 

using the Genome Walker™ method 
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gene specific primer- 1 ( 1 0  � and 1 IJ.L of Tth DNA polymerase (5 unitlf.lL, Promega, 

Madison, WI, USA). The reaction was mixed well, 1 IJ.L of genomic library DNA with 

adaptor, (section 2 .7) was then added, the mixture briefly centrifuged for 5 sec. 

The tubes were placed in the Peltier Thermal Cycler (PTC-200; MJ Research Inc., Watertown, 

MA, USA), and two-step cycle parameters were programmed for: 7 cycles of 94°C for 25  sec; 

72°C for 3 min; 32 cycles of 94°C for 25 sec; 67°C for 3 min, and 7 min at 67°C. 

2.8.2. Secondary peR 

The sequences of each gene-specific primer and the adaptor primer for secondary PCR are 

shown as F igure 2 .2 .  Each PCR reaction contained 37 .S  f.lL of Milli-Q water, 5 f.lL of 1 0  X Tth 

PCR Reaction buffer (Clontech), 1 f.lL of dNTP ( 1 0  mM each of dATP; dTTP; dGTP; dCTP, 

Roche), 2 .2 IJ.L of Mg(OAc)2 (25 mM), 1 f.lL of adaptor primer-2 ( l 0  f.lM, Clontech), 1 f.lL of 

gene specific primer-2 ( 1 0  f.lM) and 1 f.lL of Tth DNA polymerase (5 unit/f.lL, Promega). After 

mixing, 1 .0 f.lL of 50-fold diluted primary PCR product (section 2.S . 1 )  was added, the mixture 

briefly spun for 5 sec, and then each tube was placed in a PTC-200 (Peltier Thermal Cycler) 

and the PCR reaction carried out using the following two-step cycle parameter: 5 cycles of 

94°C for 25 sec; 72°C for 3 min; 20 cycles of 94°C for 25 sec; 67°C for 3 min, and 7 min at 

67°C. 

2.9 RT-PCR assay 

2.9. 1 .  RNA isolation 

Fresh leaves were harvested and powdered with liquid N2 in a pre-baked mortar ( l SO°C, 6 h). 

One mL of TRI-REAGENT@ (Cincinnati, OH, USA) was mixed with every 0. 1 g of leaf 

tissue powder and the mixture vortexed vigorously for 1 min until it became homogenised. 

The sample was then incubated at room temperature for 5 min, after which 0.2 mL 

chloroform was added, the mixture shaken vigorously for 1 5  sec, and then incubated for a 
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further 1 5  min at room temperature. After centrifugation at 1 2 000 x g for 1 5  min at 4°C, the 

upper aqueous phase was transferred to a fresh tube and mixed with 0.8 volumes (v/v) of 

isopropanol. After incubating the mixture at room temperature for 1 0  min, the RNA was 

pelleted by centrifugation at 12  000 x g at 4°C for 8 min, the supernatant removed and the 

pellet washed twice with 1 mL of 75  % (v/v) ethanol. After removing the trace ethanol and air 

drying the pellet, the RNA was dissolved in 50 � of diethyl pyrocarbonate (DEPC) (Sigma) 

treated water at 5 5°C for 1 5  min, and stored at -20°C until required. 

2.9.2. Reverse transcriptase synthesis of cDNA 

The extracted RNA ( 1  �g) was mixed with 2 �L of the appropriate primers at a concentration 

of 1 0  mM , and the volume then made to 1 0 � with DEPC treated water. The mixture was 

then incubated at 70°C for 1 0  min, subsequently placed on ice for 5 min, and then the 

following components added: 4 �L of 5 X expand reverse transcriptase buffer (Roche), 2 �L 

of 1 00 mM DTT, 2 �L of 1 0  mM dNTP mixture (Roche), and 0 .5  � of RNase inhibitor (40 

U/�L, Roche). After mixing well and incubating at 42°C for 2 min, 1 �L of expand reverse 

transcriptase (50 u/�L, Roche) was added and the mixture was incubated for a further 1 h at 

42°C. The cDNA was placed on ice to stop the reaction, and was then used immediately for 

PCR (section 2.9.3) or stored at -20°C. 

2.9.3. peR amplification of cDNA 

The fIrst round of PCR used 5 �L of the cDNA (synthesized as described in section 2.9.2) 

mixed with 25  �L of PCR master mixture (promega), 2 �L each of 1 0  mM primers and then 

water added to make a fmal volume of 50 ilL. The reaction was set to the following 

parameters: one cycle at 94°C for 2 min; 3 5  cycles at 94°C for 45 sec; 45°C for 1 min, noc 

for 30  sec; and noc for 3 min and stop reaction at 4°C. The second round PCR reaction used 

2 ilL of the fIrst round PCR products as template with the other reactants and PCR 

programme the same as used for the fIrst round. 
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2.10 DNA cloning procedures 

2.10.1 .  Electrophoresis of DNA 

Agarose gels (0.7 % to 1 .2 % (w/v)) were prepared by dissolving agarose (UltraPure™ 

agarose, GIBCO BRL, Grand Island, NY, USA) in 1 X TAE buffer (20 X TAE: 0.8 M Tris, 

0.4 M glacial acetic acid, 20 mM EDTA, pH 8.0), and pouring the molten agarose solution 

into either a horizontal DNA Mini Sub CeU™ (70 cm2 gel bed, Bio-Rad Laboratory, Hercules, 

CA, USA) for general applications or a horizontal DNA Sub Cell™ (225 cm2 gel bed, 

Bio-Rad) for Southern blot analysis. The DNA samples, including molecular size markers ( 1  

Kb Plus DNA ladder, Invitrogen, Carlsbad, CA, USA), were mixed with a 0. 1 volume of 1 0  X 

SUDS and loaded into the pre-formed wells. The samples were separated by electrophoresis 

in 1 x TAE, at 1 00 volts for 1 to 3 hr. For general applications, gels were stained with 0. 1 f-lg 

mL-1 of ethidium bromide for 1 0  min before being visualized on a short wavelength (340 run) 

UV transilluminator (UVP inc., San Gabriel, CA, USA), and digitally photographed with the 

Alpha imager™ 2000 Documentation and Analysis System (Alpha Innotech Corporation, San 

Leandro, CA, USA). After electrophoresis of DNA fragments for Southern analysis, the gel 

was processed further (section 2. 1 2. 1 ). 

2.10.2. DNA recovery from agarose gels 

After agarose electrophoresis, DNA fragments of interest were excised under long-wave UV 

light using a sterile scalpel blade. The excised gel piece was then placed in a 1 .5 mL tube, 

weighed and thirty f-lL of gel solubilization buffer (CONCERT™ Gel Extraction Systems; 

GIBCO BRL) added. The mixture was then incubated at 50°C for 1 5  min, with shaking every 

3 min for 5 sec, and once the gel had dissolved, the sample was incubated for a further 5 min. 

The mixture was transferred to a cartridge (CONCERT™) contained in a 2 mL capacity tube, 

centrifuged at 1 2  000 x g for 1 min, the flow-through solution was discarded and another 500 

f-lL of gel solubilization buffer (CONCERT™) added. After centrifugation at 1 2 000 x g for 1 
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min, the flow-through was again discarded, 700 J.1L of wash buffer (CONCERT™) was then 

added and the cartridge incubated at room temperature for 5 min. The tube was then 

centrifuged at 1 2  000 x g for 1 min, after which the flow-through was discarded, and then 

centrifuged again for another 1 min to remove residual wash buffer. The cartridge was 

transferred into a fresh 1 .5 mL tube, 50 J..LL of pre-warm (50°C) TE buffer was then applied 

directly to the centre of the cartridge, the tube incubated for 1 min, and then centrifuged at 1 2  

000 x g for 2 min. 

2.10.3. Precipitation of DNA 

Precipitation of nucleic acids was carried out with either ethanol or isopropanol .  For ethanol 

precipitation, 0. 1 volumes of 3 M NaOAc and 2 .5  volumes of ice-cold 1 00 % ethanol was 

added to the DNA solution, the mixture incubated at -20°C for 30  min or 4°C over night, and 

then centrifuged at 20 800 x g for 20 min at 4°C. The supernatant was discarded and the pellet 

twice rinsed with 80 % (v/v) ethanol. The residual ethanol was removed with a pipette 

following collection by a pulse-centrifugation. The pellet was air dried or dried in a heating 

block at 40°C for 3 min and resuspended in sterile water. 

For isopropanol precipitation, 0 .6 to 1 .0 volumes of ice-cold isopropanol was added to the 

DNA solution, the mixture gently inverted several times then centrifuged at 20 8000 x g for 5 

min. The following wash steps were identical to those described for ethanol precipitation. 

2.10.4. DNA quantification 

DNA solutions were diluted 50- and 1 00- fold with water to a total volume of 1 00 flL. The 

diluted samples were loaded into a quartz cuvette, and the absorbance measured against a 

water blank at 260 nm with a 1 cm light path. The absorbances at 260 run and 280 nm were 

used to calculate DNA concentration and purity. An absorbance of 1 .0 corresponds to 

approximately 50 flg/ mL of double strand DNA, and the relative purity of nucleotide solution 

can be gauged by examining the ratio of 260 nmI280 nm. The pure DNA is equal to 1 . 8 
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(Sambrook et aI., 1 989). The formula used for calculating DNA concentration of the sample is 

as follows: 

A260 nm x dilute factor x 50 = DNA cone. in Jlg/ mL 

2.10.5. DNA ligation with the T-vector system 

The DNA fragments produced by PCR contain a single deoxyadenosine to the 3' end of the 

duplex molecule. Therefore, fol lowing the recovery of the PCR product from the agarose gel 

(section 2 . 1 0.2), the DNA fragments were ligated into the pGE�-T Eas/M vector system 

(promega)(Figure.2.3). For each ligation reaction, the amount of DNA was in a 3 : 1  (insert : 

vector) ratio and the following formula was used: 

X ng (DNA) = 3 x (size of insert (kb)) x (50 ng of pG EM vector) / 3 .0  kb (vector size) 

The insert DNA was added, as calculated, to 5 JlL of 2 X T4 DNA ligase buffer (Promega) 

and pGE�-T Easy vector (50 ng/JlL). One JlL of T4 DNA ligase (3 Weiss 

units/JlL)(Promega) was then added and the reaction made up to a fmal volume of 1 0  JlL with 

Milli-Q water. The reaction was mixed by pipetting and incubated at 4°C for overnight. 

2.10.6. 

2.10.6.1 

Transformation of E. coli competent cells 

Preparation of competent cells 

Cells of the E. coli strain DH-5a (GIBCO BRL) were inoculated from glycerol stocks into 1 0  

mL of LB (Luria-Bertani) broth C l  % (w/v) tryptone, 0.5 % (w/v) yeast extract, I % (w/v) 

NaCl, pH 7 .5)  and incubated overnight at 3 7°C with shaking at 1 80 rpm. Four hundred JlL of 

the broth was then transferred to a fresh 40 mL of LB broth and incubated at 37°C, with 

shaking at 1 80 rpm, for 2 to 2.5 hr or until the OD6oo reached 0.4. The cell culture was then 

transferred to a pre-cooled (4°C) centrifuge tube, centrifuged at 4000 x g for 5 min, the 

supernatant discarded and 1 0  ml of ice-cold CaCh (60 mM) added to resuspend the pellet 

through gently vortexing. The mixture was kept on ice for 30  min, centrifuged at 4000 x g for 

3 ruin at 4°C, the supernatant discarded and the pellet was resuspended gently in 4 mL of 
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Figure 2.3 Diagram of the pGEM-T-Easy vector used for T-A-cloning of 

peR generated sequences 

The sequence of the multip le  cloning site is shown. The SP6 promoter and T7 

promoter sequences used i n  in-situ hybrid ization assays are also indicated. 

This f igure is reproduced from the pGEM®-T-Easy instruction manual . 
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CaCh (60 mM) containing 15 % (v/v) glycerol. The competent cells were then stored as 3 00 

� aliquots at -80°C. 

2.10.6.2 Transformation using the hea t  shock method 

Aliquots of competent cells were thawed on ice for 5 min, then 50 to 1 50 ilL added to the 

ligation reaction (section 2. 1 0 .5), the suspension gently mixed and then incubated on ice for 

20 min. The mixture was then incubated at 42°C for 45-50 sec, immediately placed on ice for 

2 min, 950 ilL of LB broth added and the cells incubated at 37°C for 2 h with shaking at 1 80 

rpm. Putative transformed cells were then spread onto LB plates (LB broth with 1 .5 % (w/v) 

bacto-agarose) using the appropriate selection (section 2. 1 0.7) and incubated overnight at 

3 7°C. 

2.10.7. Selection of transformants 

After transformation (section 2. 1 0.6.2), 200 ilL of the transformation mixture was transferred 

to a fresh tube. The remaining broth was spun at 6 500 x g for 1 min and the supernatant 

discarded. The cell pellets was resuspended with fresh LB broth, and both concentrated and 

un-diluted cell cultures were spread onto either LBAMPIOO plates (LB plates with 1 00 mg L-1 

ampicillin) for general selection or spread onto LBAMPIOOIIPTGIX-Gal plates [LBAMPIOO plate 

pre-spread with 1 00 ilL of IPTG ( 1 00 mM) and 20 ilL of X-Gal (50 mglmL)] for blue-white 

selection. The plates were incubated overnight at 37°C, and white colonies were selected and 

inoculated in 1 0  mL of LBAMP100 broth. The tubes were incubated overnight at 37°C with 

shaking ( 1 80 rpm). 

2.10.8. 

2. 10.8. 1 

Isolation of plasmids 

Alkaline lysis mini prep method 

After overnight incubation, cell cultures of E. coli (section 2. 1 0 .7) were pelleted by 

centrifugation at 3 000 x g for 5 min at room temperature, and the supernatant discarded. The 
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pellet was resuspended completely in 200 J.!L of freshly prepared alkaline lysis solution-A (25 

mM Tris-HCl, pH 8.0, 50 mM glucose, 1 0  mM EDTA), and after transferring the resuspended 

pellet to a fresh 1 .5 mL centrifugation tube, the cells were lysed with the addition of 400 J.!L 

of freshly prepared alkaline lysis solution-B (0.2 M NaOH, 1 % (w/w) SDS). The contents 

were mixed by gentle inversion, incubated on ice for 1 0  min and the contaminating 

chromosomal DNA and protein was then precipitated by the addition of 300 J.!L of alkaline 

lysis solution-C (3 M KOAc, 2 M glacial acetic acid). After the solution was shaken 

vigorously and incubated on ice for 1 5  min, the mixture was centrifuged at 20 800 x g for 5 

min and 700 J.!L of supernatant was transferred to a fresh 1 .5 mL centrifugation tube. Ice-cold 

isopropanol (800 J.!L) was then added to the supernatant, the contents inverted several times, 

and the precipitated plasmid DNA collected by centrifugation at 20 800 x g for 5 min. The 

pellet was washed twice with 80 % (v/v) of ethanol, air-dried and then dissolved in 50 /-lL of 

sterile water. 

2. 10.8.2 Column mini prep method 

For DNA sequencing purposes, plasmids were isolated using the QIAprep® Miniprep kit 

(QIAGEN, Valencia, CA, USA). The E. coli cell culture (section 2. 1 0.7) was pelleted by 

centrifugation at 3 000 x g for 5 min, the supernatant discarded and the pellet resuspended in 

250 /-lL of buffer P I  containing RNaseA (QTAGEN), before transfer to 250 J.!L of buffer P2 

(QIAGEN). The suspension was gently inverted 4-6 times in order to lyse the cells, buffer N3 

(350 /-lL) (QIAGEN) was then added to the mixture which was immediately but gently 

inverted (4-6 times) until the solution became cloudy. After centrifugation at 20 800 x g for 1 0  

min, the supematant was transferred to a QTAprep column (QIAGEN) contained in a 2-mL 

capacity collection tube, the assembly centrifuged at 20 800 x g for I min and the flow 

through discarded. The column was then washed with 0.75 mL of buffer PE (QIAGEN) and 

centrifuged at 20 800 x g for I min. After discarding the flow through, the column was 
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centrifuged for an additional 1 min to remove any residual wash buffer. The cartridge was 

then placed in a fresh 1 .5 mL tube and 50  � of buffer EB (QIAGEN) was pipetted to the 

centre. After 1 min incubation at room temperature, the plasmid DNA was collected by 

centrifugation at 20 800 x g for 1 min. 

2.10.9. Restriction digestion of plasmid DNA 

Plasmid DNA (0.5 Ilg ) was mixed with 5 units of restriction enzyme (Roche), 0. 1 volumes of 

1 0  x restriction buffer (Roche), 1 0  Ilg RNaseA (Sigma) and then sterile water added to a total 

volume of 1 5  ilL. After mixing, the reaction was incubated at 37°C for 2 h, 0 . 1  volumes of 1 0  

X SUDS loading dye was added and the digested DNA was resolved by electrophoresis 

(section 2 . 1 0. 1 ). 

2.10.10. 

2.10.10.1  

DNA sequencing procedures 

peR of terminator dye reaction 

The templates for sequencing reactions included plasmid DNA (section 2 . 1 0.8), linear DNA 

recovered from agarose gel (section 2. 1 0.2) or PCR products (section 2.8.2). The requirement 

of the template from the PCR product was that only one band was produced in the PCR 

reaction and before sequencing, the products were cleaned up in order to remove RNA and 

primers. The cleanup reaction consisted of 2� of SAP (shrimp alkaline phosphatase) ( 1  UI ilL, 

USB Corp. ,  OH, USA), 1 ilL of Exo I (exonuclease I)( l OUI ilL, USB) and a half-volume (25 

ilL) of the PCR products. This mixture was incubated at 37°C for 30  min, and the reaction 

terminated by incubation at 80°C for 1 5  min. The different types of template also used 

different amounts of DNA for the terminator dye reaction. For plasmid DNA, the reaction 

required 0 .5� 1 .0 Ilg of DNA, but for the gel-excised linear DNA or PCR products, usually 

50� 1 00 ng was required for the reaction. 

The terminator reaction contained 2 ilL of BigDyeTM Terminator (Version 3 . 1 ,  Applied 

Biosystems, Foster city, CA, USA), 3 ilL of sequencing buffer (Applied Biosystems), 3 .2  
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pmol of the appropriate primer, and the appropriate amount of DNA template, with sterile 

water added to a total volume of 20 �. The mixture tube was placed in a Peltier Thermal 

Cycler (MJ Research Inc.) and a one step reaction programme used as follows: 25 cycles set 

at 96°C for 1 0  sec, then rapid thermal ramp ( l oCI sec) to 50°C; 50°C for 5 sec, then rapid 

thermal ramp ( l oCI sec) to 60°C; 60°C for 4 min. After 25 cycles, the reaction was ended, and 

held at 4°C until the sequence products were purified further. 

2.10.10.2 

sequencing 

Precipitation of terminator DNA a nd automated DNA 

The sequenced DNA after the terminator reaction required precipitation and purification 

before automated sequencing could be performed. The product of terminator dye reaction 

(section 2. 1 0. 1 0. 1 )  was precipitated with the addition of 2 JlL of EDTA ( l 25 mM), 2 JlL of 

NaOAc (3 M), and 50 � of 1 00 % (v/v) ethanol. The mixture was inverted 5 times, incubated 

at room temperature for 1 5  min, and then centrifuged (20 800 x g) at 4°C for 25 min. The 

supematant was removed immediately and the pellet was washed twice with 70 )..lL of 70 % 

(v/v) ethanol and then collected by centrifugation at 4°C at 20 800 x g for 5 min. After the 

supematant was removed, pellet was air dried and the sample submitted to the Allan Wilson 

Centre, Institute of Molecular BioSciences, Massey University, Palmerston North, NZ for 

automated sequencing using AB! PRIS� BigDye™ Terminator Cycle Sequencing (Applied 

Biosystems ). 

2.1 1 

2.1 1 . 1 .  

2. 1 1 . 1 . 1  

Plant transformation and growth 

Construction of binary transformation vectors 

Modification of binary vector system 

The binary plant transformation vector used for this study was pRD-4 10  (Datla et aI., 1 992) 

(Figure. 2 .4) which was provided by Dr. Derek White, AgResearch, Palmerston North, NZ. 



60 

The features of pRD-41 0 are that it contains a wild type NPT 11 sequence and a cauliflower 

mosaic virus 35S (CaMV 35S) promoter fused with the E. coli �-glucuronidase (GUS) 

reporter gene. Therefore, the fIrst manipulation was to excise the CaMV 35S sequence, and to 

replace this promoter with the TR-ACO promoters. 

The pRD-4 1 0  vectors were transformed into E. coli competent cells (DH-Sa strain) (section 

2. 1 0.6), and then the positively selected (section 2. 1 0.7)  cells were inoculated into LBAMPIOO 

broth and incubated at 37°C for 24 h. Plasmid DNA was isolated using the alkaline lysis 

miniprep method (section 2. 1 0.8 . 1 ), and after DNA quantification, 30 �g of plasmid DNA was 

mixed with 20 units of Barn III and Hind III (Roche), 0. 1 volumes of 1 0  x restriction buffer B 

(Roche), 30  �g RNaseA (Sigma) and sterile water added to make a total volume of 1 00 �L. 

The reaction was incubated at 37°C for 5 h, 0. 1 volumes of 1 0  X SUDS loading dye was then 

added and the digested plasmid was resolved by electrophoresis (section 2. 1 0. 1 ). Bands of 

interest in the agarose gel were excised, and the DNA fragments were recovered through 

column method (section 2. 1 0.2). 

2.1 1 .1 .2 

method 

Modification of promoter sequences by the peR 

To insert sequences of interest into the l inear and modified pRD-4 1 0  vector that contains 

sticky compatible for both Barn III and Hind III (section 2. 1 1 . 1 . 1 ), promoter sequences were 

re-amplifIed by PCR. The Hind III  sequence and six bp of non-sense nucleotides were added 

to the 5' end of the reverse primers, while the Barn ill sequence and another six bp of 

non-sense nucleotides were added before the 5' end of forward primer sequence (Figure 2 .5). 

One �L (50 ng/�L) of each promoter sequence in the pGEM_TEASY vectors (section 2. 1 0 .5)  

was used as a template. The fmal reaction contained the template, 25 �l  of PCR master 

mixture solution (Promega), 22 �L of Milli-Q water and l �L each of the forward and reverse 

primers ( 1 0  �) (Figure 2 . 5). The PCR reaction programme was set for one cycle of 
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Figure 2.4 Diagrammatic representation of the pRD-41 0  vector used 

for Agrobacterium transformation 

� = left border of T-DNA sequence 

Inos 11 = nopal ine synthase terminator sequence 

� = GUS coding sequence 

\35S-P\ = cauliflower mosaic virus 35S promoter sequence 

Inpt 1 1  (wtj = wild type neomycin phosphotransferase I I  sequence 

Inos PI = nopal ine synthase promoter sequence 

IRsl = right border  of T-DNA sequence 

E = Eco RI , S = Barn H I ,  H = Hind I l l ,  N = Nco I ,  P = Pst I ,  S = Sst 1 I  
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TR1 -Clone-F =5'-GACGAdAAGCT"TjAAATATTATTCTTACTGCTTATTTTTTTC-3' 

TR1 -Clone-R = 5'--GACGAdGGATCC!TTTGCTTCTTTCAATTTTCT-3' 

TR2-Clone-F =5'-GACGAdCAGCTG/ACCAGCATCTACCAMAGTG-3' 

TR2-Clone-R = 5'--GACGAdGGATCCjATCTCTCAMCMACTCTTMC-3' 

TR3-Clone-F =5'-GACGAdAAGCT"TjAAACTGATCCCACTAACCCAC-3' 

TR3-Clone-R = 5' - -GACGAdGGATCCjAACTTMACTCAMGTAACTCTC-3' 

TR4-Clone-F =5'-GACGAdAAGCT"TjCCTACATGTCTTAAACCTACTGTATC-3' 

TR4-Clone-R = 5' --GACGAdGGATCC!TTCTTAMCTCMGGTAACTCCC-3' 

Figure 2.5 Sequence of the primers used in  cloning the TR-ACO promoter 

sequences, as indicated, into the pRD-410  vector 

GACGAC = non-sense nucleotide 

iAAGCT"Tj = Hind I I I  enzyme cutting sequence 

IGGATCCj = Barn HI  enzyme cutting sequence 

ICAGCTGI = Pvu " enzyme cutting sequence 
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incubation at 94°C for 2 min; denaturing was set at 30 cycles of 94°C for 30 sec; annealing 

was set at 5°C below the melting temperature (T m) of the promoter sequence for 30 sec; 

extension was set at noc for 45 sec/kb of the amplified size; one cycle was set at noc for 5 

min followed by holding at 4°C. Recovery of the PCR products was achieved through ethanol 

precipitation (section 2. 1 0.3). To provide Barn HI and Hind III sites, twenty-five units of each 

enzyme was mixed with 5 �g of purified PCR-generated DNA, 0. 1 volumes of restriction 

buffer was added and the reaction made up to a total volume of 70 �L with sterile water. After 

5 h of incubation at 37°C, the digested DNA was resolved by agarose gel electrophoresis 

(section 2. 1 0. 1 ), and the DNA fragment of interest was excised and recovered by the column 

method (section 2. 1 0.2). 

2. 1 1 .2. Ligation of promoters and binary vectors 

The ligation ratio for vector: insert fragments was set at 3 : 2. The size of the modified vectors 

(section 2. 1 1 . 1 . 1 )  was approximately 12 kb, and 200 ng of DNA was used for each reaction. 

The size of inserted DNA (section 2. 1 1 . 1 .2) ranged from 1 .0 kb to 1 .5 kb. Therefore, the 

amount of DNA for insertion was calculated using the following formula: 

insert DNA (ng) = (200 ng vector) x (insert DNA size, 1�1 .5  kb) x 1 . 5 / (vector size, 1 2  

kb) 

The mixture of DNA fragments (calculated from the formula above) were added to a 0 . 1  

volume of 1 0  x ligation buffer (Roche), 1 .5 �L ofT4 DNA ligase ( 1 0  Weiss unit! �L) (Roche), 

and the reaction made to 1 0  �L with sterile water. The reaction was incubated at 4°C 

overnight, and then transformed into E. coli competent cells (section 2. 1 0.6). Cells containing 

1 'd  
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h 
. .  

I d fr LB AmplOO Kan50 1 
. 1 d '  p asml s WIt putatlve mserts were se ecte om ' p  ates, mocu ate mto 

LBKan50 broth for growth overnight, and the plasmid DNA isolated using the alkaline lysis 

miniprep method (section 2 . 1 0. 8 . 1 ). To confIrm inserts of the correct size, the restriction 

enzymes Barn HI and Hind III were used to excise the inserted fragments (section 2. 1 1 .2) and 
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these were resolved by gel electrophoresis (section 2. 1 0.2). Further confirmation was 

performed through PCR, with the same primers used to amplify each promoter sequence 

(section 2. 1 1 . 1 .2) and then sizing the products by gel electrophoresis (section 2 . 1 0. 1 ). The 

positive plasmids selected by these confIrmation methods were isolated by the column 

miniprep method (section 2. 1 0.8.2) and stored at -20°C until required (section 2. 1 1 .3). 

2.1 1 .3. Tra nsformation of competent cells of Agrobacterium 

tumefaciens 

To transform competent cells of Agrobacterium tumefaciens (LBA 4404, LifeTechnologies™, 

lnvitrogen) with the modified binary vectors (PRD 4 1 0) containing an insert promoter fused 

with the GUS reporter gene, electroporation was used. To do this, a 1 ilL volume of the 

modified binary vector pRD4 1 0  (50 ng/ ilL) (section 2. 1 1 .2) was mixed with 20 ilL of the 

LBA 4404 cells. The mixture was transferred into the gap of an electroporation metal cuvette 

(Bio-Rad) and the cuvette placed into the electric shock cassette (Bio-Rad). An electric 

current of 400 V and 1 5  amp was used to pulse shock the mixture, and following the shock 

treatment, the mixture was transferred to 1 rnL of LB broth and incubated at 28°C with 

agitation at 1 80 rpm for 3 h. After centrifugation at 6 500 x g for 1 min to col lect the pellet, 

the cells were spread onto a LBKan 50 agarose plate and incubated at 28°C for 3 days. 

2. 1 1 .4. Confirmation of the binary vector transformation 

The colonies selected from the LBKan 50 plates (section 2. 1 1 .3) were re-inoculated into 10 mL 

of LBKan 100 broth and incubated at 28°C with agitation ( 1 80 rpm) for 2 days. The cells were 

then collected by centrifugation at 6 500 x g for 1 min, and the binary plasmids were isolated 

by the column miniprep method (section 2 . 1 0.8.2). In order to confIrm that the binary vectors 

had been correctly transformed into the Agrobacterium tumefaciens cells, the isolated 

plasmids were digested with restriction enzymes (Bam HI and Hind Ill) to excise the inserted 

fragments (section 2. 1 1 . 1 .2) and the products resolved by gel electrophoresis (section 2. 1 0.2). 
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Further confIrmation was carried at using PCR. The same primers used for the modillcation 

of promoter sequences (section 2. 1 1 . 1 .2) were used to re-amplify the insert fragments. The 

size of the PCR product was verified by gel electrophoresis (section 2. 1 0.2). Colonies that 

contained plasmids with the correct size inserts, after these two selection procedures, were 

then sequenced. The primers used for sequencing were the reverse primer that was 

complementary to a region of the GUS coding sequence, and the forward primer that was 

complementary to a region in the Npt II sequence (Figure 2.6). The terminator dye reaction 

and sequencing procedures were as outlined in (section 2. 1 0 . 1 0). Once the binary vector was 

confIrmed by DNA sequencing, pellets from fresh broths were resuspended with 700 f.lL of 

LB broth and 300 ilL of 50% (v/v) glycerol. The mixture was snapped frozen in liquid 

nitrogen, and stored at -80°C until required for plant transformation (section 2. 1 1 .5 ;  2. 1 1 .6). 

2 . 1 1 .5. 

2. 1 1 .5.1 

Transformation of tobacco procedures 

Tobacco plant material 

The tobacco cultivar Wisconsin-38  (W-38) was used for transformation. About 50 mg of 

seeds were sterilized in 25 mL of 6 % (v/v) H202 solution for 3 min with gentle agitation. The 

H202 was then decanted and the seeds washed four times with sterile water before sowing in 

sterile water agar (0.8 % (w/v) PhytoAgar™, GIBCO BRL). The seeds were kept in the dark 

at 4°C for 3 days, before transfer to a plant growth cabinet (SANYO, Japan), where they were 

incubated at 25°C in a constant light ( 1 500 lux). The germinated seedlings were incubated for 

one month, after which they were transferred to a tissue culture pot (Bio-Lab) containing 

fresh water agar (four plantlets per pot). The plants were grown in the same conditions until 

required for transformation (section 2. 1 1 .5). 

2. 1 1 .5.2 Tobacco transformation methods 

The Agrobacterium tumefaciens cells containing the binary vectors (section 2. 1 1 .3) were 

inoculated into 1 0  mL ofTyKan 100 broth [0.5 % (w/v) tryptone, 0.3 % (w/v) yeast extract, 1 .3 
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TR1 -GUS-F =5'-1 AAGCT'TjAAATATTATTCTTACTGCTTA-3' 

TR2-GUS-F =5'-1 CAGCTGjACCAGCATCTACCAAAAGTG-3' 

TR3-GUS-F =5'-1 AAGCTTjAAACTGATCCCACTAACCCAC-3' 

TR4-GUS-F =5 '-1 AAGCT1jcCTACATGTCTTAAACCTAC-3' 

GUS-R = 5'-- CCAACGCTGATCAATTCCACAGT-3' 

NPT I I-F = 5'-- CGCCTTCTATCGCCTTCTTGACG-3' 

Figure 2.6 Sequence of the primers used in  confirm i ng the TR-ACO promoter 

sequences, as i ndicated, cloned i nto the pRD-41 0 vector 

k\AGCTTj = Hind I I I  enzyme c utting sequence 

�GATCCl = Barn H I  enzyme c utting sequence 

�AGCTGI = Pvu 1 1  enzyme cutting sequence 
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llg/mL CaCh, 1 00 llg/mL of kanamycin sulphate (Sigma)] and grown at 25°C with shaking 

( 1 80 rpm) for 2 days. After incubation, the broth was centrifuged at 6 500 x g for 5 min, the 

supernatant discarded, and the cells resuspended in 1 0  mL of sterile 1 0  mM MgS04. Young 

tobacco leaves were excised and cut into 1 cm2 leaf discs, dipped into the cells/ MgS04 

mixture for 5 min and then blotted on sterile blot paper (3mm Chr, Whatman International Ltd, 

Maidstone, England) to remove excess solution. Fifteen pieces of the blot-dried leaf discs 

were placed onto Nic I media [MS media (Table 2. 1 ), 30 % (w/v) sucrose, 1 mgIL 6-benzyl 

aminopurine (BAP), 0. 1 mgIL 1 -naphthaleneacetic acid (NAA), 0.8 % (w/v) agar, pH 5.7], 

and incubated at 25°C with light ( 1 500 lux) until the regeneration steps (section 2. 1 1 . 5 . 3 ). 

2 . 1 1 .5.3 Regeneration and growth of transgenic tobacco plants 

After co-cultivation of the leaf discs with the A. tumefaciens solution for three days (section 

2. 1 1 .5.2), the leaf discs were transferred to Nic IKan 100; Cef 1 00 media (Nic I media, l OOIlg/mL 

kanamycin, 1 00 llg/mL cefotaxime (ATF Pharmaceuticals, Auckland, NZ)), and incubated at 

25°C under light until callus formation had occurred. The calluses were transferred onto fresh 

Nic I I  Kan 1 00; Cef 100 media (MS media (Table 2 . 1 ), 30 % (w/v) sucrose, 1 .0 mgIL BAP, 0.2 

mg/L NAA, 0.8 % (w/v) agar, pH 5.7, 1 001lg/mL kanamycin, and 1 00 llg/mL cefotaxime) to 

generate shoots, and the tissues incubated at 25°C in continuous light and the plant tissue 

transferred to fresh media every 7 days. Once shoots had reached the 3 to 4 leaf stage, the 

plants were transferred to fresh Nic III  Kan 1 00 media (MS media (Table 2. 1 ), 30 % (w/v) 

sucrose, 0.8 % (w/v) agar, pH 5 .7, I OOIlg/mL kanamycin) in order to generate roots and 

develop further shoots. To do this, plant tissues were incubated at 25°C in continuous l ight, 

with tissues transferred to fresh pots every 1 0  days until the shoots and roots were well 

developed. When the shoot height had reached approximately 4 to 5 cm, selected plants were 

transferred to pots containing soil (Seed Raise™, ORDERINGS, Palmerston North, NZ), and 

then the plants were transferred to a containment PC2 glasshouse where they were grown in 



Macro Stock 

N}-4N03 

KN03 

MgS04 . 7H20 

CaCh . 2H20 

KH2P04 

Micro Stock 

MnS04 . H20 

ZnS04 · 7H20 

H3B03 

Kl 

NaMo04 . 2H20 

CuS04 . 5H20 

CoCh . 6H20 

Vitamins 

aneurine . HCl 

pyridoxine . HCl 

nicotine acid 

glycine 

FeNaEDTA 

NaEDTA . 2H20 

FeS04 . 7H20 

MS media composition (pH 5.8) 

Macro stock 

Micro stock 

Vitamins 

FeNaEDTA 

Myo-Inositol 

Sucrose 

per litre: 

1 6.5 g 

1 9.0 g 

3 .70 g 

4 .40 g 

1 .70 g 

per litre: 

1 7 .0 g 

8 .60 g 

6.20 g 

830 mg 

1 82.5 mg 

25 mg 

26 mg 

per litre: 

10 mg 

50  mg 

20 mg 

200 mg 

per litre: 

3 .73  g 

2.78 g 

per litre: 

1 00 mL 

mL 

1 0  mL 

1 0  mL 

1 00 mg 

20 g 

Table 2.1 Murashige and Skoog (MS) basal salt mixture 
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75 % humidity at 23°C, with watering once per day. 

2.1 1 .6. 

2 .1 1 .6.1  

Transformation of white clover 

White clover plant material 
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White clover cultivar Huia (AgResearch Grassland, Palmerston North, NZ) was used for 

transformation. Approximately 1 50 mg of seeds were sterilized with 1 5  mL of 70 % (v/v) 

ethanol for 1 min in a 1 5  mL tube, and after decanting the ethanol, 1 5  mL of mercuric 

chloride solution (0.2 % (v/v) HgC}z, 0 .5 % (v/v) HCl) was added, and the seeds mixed on a 

circular mixer for 8 min. The mercuric chloride solution was then discarded, the seeds rinsed 

four times with sterile water, and then transferred to a Petri dish and covered with sterile 

water. The seeds were then incubated at 1 5°C in the dark for 1 7  h. 

2.1 1 .6.2 White clover transformation procedures 

After overnight incubation, the majority of seeds had started to germinate and the incubation 

water in the Petri dish was discarded and 6 % (v/v) H202 solution was added for 3 min with 

occasional stirring for the fmal sterilization. The seeds were rinsed five times with sterile 

water and fmally covered with sterile  water. Removal of the seed coat and endosperm from 

the seed was performed using fme forceps and a scalpel under a dissecting microscope. The 

cotyledons were cut and separated into two. Each cotyledon was placed onto the CR 7 media 

(MS media (Table 2. 1 ), 1  mgIL BAP, 50 Ilg/L NAA, pH 5 .7, 0.8 % (w/v) phytoagar) with a 

layer of filter paper (3mm Chr, Whatman). The A.  tumefaciens cells that contained the 

appropriate binary vectors (section 2. 1 1 .4) were inoculated into 1 0  mL of TyKan 100 broth and 

incubated at 25°C with shaking ( 1 80 rpm) for 2 days. After incubation, the broth was 

centrifuged at 6 500 x g for 5 min and the supematant discarded. The resulting pellet was 

resuspended in 1 0  mL of sterile 1 0  mM MgS04, and 3 ilL of the solution was applied to each 

cotyledon, and the tissue incubated in CR 7 media at 28°C under continuous light. 

After 4 days co-cultivation with the A .  tumefaciens solution, the cotyledons were transferred 
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to fresh CR7Kan200; CeDoo media (CR7 media, plus 200J.1g/mL kanamycin, 300 J.1g/mL 

cefotaxime, 0 .8  % phytoagar) and incubated at 28°C for 1 0  days continuous light. After 1 0  

days, the cotyledons were transferred to a fresh CR 7Kan2OO; CeDOO media plate, and the dead 

cotyledons removed from the selection. After a period of 20 days, all live cotyledons were 

switched onto CR5Kan2oo; CeDoo media (MS media (Table-2. 1 ), 30 % (w/v) sucrose, 0. 1 mg/L 

BAP, 0.05 mgIL NAA, 0.8 % (w/v) phytoagar, pH 5 .7, 200Jlg/mL kanamycin, 300 J.1g/mL 

cefotaxime) and incubated at 28°C in continuous light until shoots had generated. Sets of live 

cotyledons were switched to fresh CR5Kan200; CeDoo media every 2 1  days. Over this period of 

regeneration, the cotyledons were checked regularly for contamination and when necessary, 

shifted onto fresh media. After approximately two months, the plantlets that had started 

rooting were transferred to CRO Kan200 media (MS media (Table 2. 1 ), 30  % (w/v) sucrose, 0 .8  

% (w/v) Phytoagar, pH 5.7, 200J.1g/mL kanamycin) to continue generating plants. Once 

selected plant shoots were approximately 3 to 5 cm high, these were transferred into pots 

containing soil (SeedRaise™, ORDERINGS), sealed in a plastic bag and contained in a tray 

with water. Water was also sprayed into the plastic bag to create a humid environment. The 

plants were incubated at 25°C in a long-daylight environment ( 1 5  h) for 1 5  days, and after 

that, plants were transferred to the containment glasshouse and grown at 23°C in 75 % 

humidity, with watering once per day. 

2.12  Southern analysis 

2 . 1 2 . 1 .  Transfer of genomic DNA 

After digested genomic DNA (section 2.5) was separated by electrophoresis (section 2. 1 0. 1 ), 

the DNA was transferred to a nylon membrane by the capillary transfer method 

(Chomczynski, 1 992). The gel (section 2. 1 0. 1 )  was first immersed in depurination solution 

(0.25 M HCl) for 5 min with gentle agitation, rinsed twice with RO water and then immersed 

in neutralisation solution ( 1 .5 M NaCl, 0.4 M NaOH) for 1 h with gentle agitation. After 
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rinsing twice with RO water, the gel was immersed in transfer solution (3 M NaCl, 8 mM 

NaOH, pH 1 1 .4) for 1 5  min with gentle agitation. 

To transfer the DNA, four pieces of dry blotting paper (3mm Chr, Whatman) were first lined 

up on a 5 cm high stack of paper towels, and then a gel-sized piece of blotting paper, 

pre-wetted with transfer solution, was placed onto the top of the dry blotting paper. A 

gel-sized piece of Hybond™ -N+ nylon membrane (Amersham), pre-soaked in transfer 

solution for 5 min, was placed on top of the wet blotting paper, and then the gel was placed 

face-up on top of the nylon membrane and smoothed to remove any air bubbles. Three pieces 

of blotting paper, pre-wetted with transfer buffer, were placed onto the gel. Four pieces of 

longer and pre-wetted blotting paper were then used as a capillary wick with one end covering 

the top of the blotting assembly and the other end dipped into the transfer solution. After 1 6  h 

of blotting, the membrane was post-fixed by UV-crosslinking (UV Stratalinker®2400; 

STRATAGENE, La Jolla, CA, USA) for 2 min, neutralized in neutralization solution (0. 1 M 

Na2P04.2H20, pH 7.2) for 1 0  min, and then sealed in a plastic bag and stored at 4°C until 

required. 

2. 12.2. Labeling DNA for Southern analysis with [a_
32

P]_dCTP 

DNA probes (Figure 2 .7 ;  2.9) were labeled with [a_32P]_dCTP (3 000 Bq/mmol; Amersham) 

using the Ready-To-Go ™ DNA labeling kit (Amersham). To do this, an aliquot of DNA was 

diluted to 25 ng with sterile water, denatured in a boiling water bath for 2 min and then 

immediately chilled on ice for 2 min. The denatured DNA was collected at the bottom of the 

tube by pulse centrifugation and added to the Ready-To-Go reagent beads. After gentle 

mixing the beads with the DNA solution, an aliquot (5 ilL) of the [a_32P]_dCTP was added to 

the mixture, and the reaction incubated for 1 5  min at 37°C. The labeled DNA was then 

separated from unincorporated nucleotides by chromatography through a Sephadex G-50 
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TRAC01-southern promoter probe 
S'�TTTGCCAATTCTTCTATGTACQAAAAAAAAAGTACAGTATGATITTTGTICCAATITAAGTGGATIGATITITIACATTI 

GAATTIAATCCACATAAAATCTCATIATAAATIGATACATIAGAI I I I I I I I I CTTICACTACCAGTTIAATCTGGTICGGTGGTCAG 

TICTGACATCAAGTGATICTAATCTCCTICTGATCGCAGCTGCGGAAGTATCAAACTGTGATCCTCTCTACCAAACACCAATCAT 

CACTIAACC CACTAACGATTICTTGACACATCAAAATICTATGC CAAGAGACTTIGGAACAAAATTICTIATATACTACTTICTIAA 

TIAGTITIAATIAATAATAGATITIATICttAAGATTCACTGAGAGCCTTGGl-3' 

TRAC02-southern promoter probe 
s'--iGACCACACCAATTCGAGTTCGWGGTTIATACTATGTIAGAATGTGCGTCCAAAAAACATITICGTTIGGGAAATGCG 

AGTICGAGGCTCCTICTIAAACATCATTITCAAATGCATTIAAAAAATGTNAAATAAAATAGAGAACAAATAGAGGTIGCGGCAG 

CCTTAGANGTIGAATTIGGTCAAATGTICAAGAGGAAAAACCAGCCATCAAGTAGGNCCAACCNTATGCCCAGTGTITTTGACA 

AA TC AACCAAAAGAACCCAAAA T AAACACAAGCTICTGA TI AGAACTATI AA T AA T AAACAAAGMMTIMGCTGAACAAATCAT 

ACTATIMMTATMMTATATICMTIAGATTIMAATAATMTAAGTIGTCTA-yfnGGTCTTGTGATGTAAAGGTC}--3' 

TRAC03-southern promoter probe 
S'-jCTCTCAAAGCGTTAACCATGTctrGGTATGCCTITTTCTGTIG I I I I I I IATITTIACCAGCCCTACGACTCACTATAGGG 

CACGCGTGGTCGACGGCCCGGGCTGGTMACATAAACGMTIGATIAAACAGAMTIGTITICMTCTGTTIAAACGACTCACT 

ATAGGGCACGCGTGGTCGACGGCCCGGGCTGGTAMCATAAACGAATIGATIAMCAGAMTIGTITICMTCTGTTIAMCGA 

CTCACTATANGGCACGCGTGGTCGACNGCCCGGGC-nGGTCCTGCGTGTCTAAAAGC/-3' 

TRAC04-southern promoter probe 
S'-jCCTACATGTCTTAAACCTACTGtrATCTIAMATCTAAMAGTCMIIIIIIIAGGATAAGTAGGCTIATACCCCCCTGTM 

TGTAGGCAAGTITTGTITTCCCCCTGTMIIIII  III  IIGTGACTCGCCCTTIGCAATGTIGAATA IIIIII IICCCAGTICATITI 

ACCCCATGTAATGTIGGCCTTIACTCCCCTGCAAGGGGTAAMATGAACTAAAAGAGMMAMTCAACATIGCAAGGGGCAA 

GTCAGACAAAAAMMTIATAGGGGGAAAACCAMACTCGCCCATATIA�GGGGATATTAACCTATTTACC}-3' 

Figure 2.7 Sequences, as indicated, of the probes used in Southern blot analysis 

The boxed regions represent the pri mer seq uences for the forward (clear background) 

and reverse (shaded background) primers used to amplify each probe. 
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TR-AC03-3'UTR-southern probe 

5'--iCAAGCTAAGG AACCAAGAltrTGAAGCACTGAAAGCATGAAATGTGAATTIGGGTTCAA 

TTGCAATIGTTITGAATITAAACAAGTAACATAAAATAGGCAAAGATGCATGTGCTCCTCAA 

ATGAAAATAATAAAAAATAGATITAAATATGATGCGAGTCATGCAAATATATTATGTGTTAGTTT 

TTGTAAGTTIATITITAATAGATAAACGAAATGTGTGTTAATACAAATICACACAGTAAATIG A  

AGGGATTAGAGTTCGAACATCGGlTTATGGTGTCAGACTCATTTTGGI-3' 

Figure 2.8 Sequence of the probe used in Southern blot analysis for 
d istinguish ing between TR-AC03 and TR-AC04 genes 

The boxed regions represent the primer sequences for the forward (clear background) 

and reverse (shaded background) primers used to ampl ify each probe. 

GUS-southern probe 

5'--iCGATGCGGTCACTCATTACGGCjAAAGTGTGGGTCAATAATCAGGAAGTGATGGAGCAT 

CAGGGCGGCTATACGCCATTTGAAGCCGATGTCACGCCGTATGTTATTGCCGGGAAAAGT 

GTACGTATCACCGTTTGTGTGAACAACGAACTGAACTGGCAGACTATCCCGCCGGGAATG 

GTGATTACCGACGAAAACGGCAAGAAAAAGCAGTCTTACTTCCATGATTICTTTAACTATG 

CCGGAATCCATCGCAGCGTAAi1G CTCTACACCACGCCGAACACCTGI-3' 

Figure 2.9 Sequences of the probe used i n  Southern b lot analysis for genome 
copy number confi rmation in transgenic p lants 

The boxed regions represent the primer sequences for the forward (clear background) 

and reverse (shaded background) primers used to ampl ify each probe. 
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Micro column (Amersham) by centrifugation at 735 x g for 2 min. The collected DNA was 

then denatured in a boiling water bath for 2 min, immediately cooled on ice for 2 min and 

then added to a hybridization solution (pre-equilibrated at 65°C) containing with the blotted 

membrane (section 2. 1 2.4.). 

2 . 1 2.3. Labeling DNA for Southern analysis with [a_32P]_dATP 

DNA probes (Figure 2.8) were labeled with [a_32P]_dATP (3 000 Bq/mmol; Amersham) using 

the Megaprime TM DNA labeling kit (Amersham). The probe DNA was diluted to 5 ng/IlL 

with Milli-Q water, denatured in a boiling water bath for 2 min and immediately chilled on 

ice for 2 min. The denatured DNA was collected at the bottom of the tube by pulse 

centrifugation and mixed with 4 ilL each of un-la be led nuc1eotides (dGTP, dCTP and dTTP), 

5 ilL of reaction buffer, 1 7  flL of sterile water, and 2 ilL of enzyme ( l  unit/ilL DNA 

polymerase I Klenow fragment). Finally, 5 ilL of [a_32P]_dATP was added, the mixture 

incubated for 1 5  min at 37°C, and 51lL of 0.2 M EDTA was then added to stop the reaction. 

This mixture was then transferred to a Sephadex G-50 Micro column (Amersham) and the 

labeled DNA separated from unincorporated nucleotides by centrifugation at 735 x g for 2 

min. The collected DNA was then denatured in a boiling water bath for 2 min, immediately 

cooled on ice for 2 min, and then placed on a blotting membrane soaked in hybridization 

solution (pre-equilibrated at 65°C). 

2 . 12.4. Hybridization, washing and development of DNA blots 

The blotted membrane (section 2. 1 2. 1 )  was rolled (nucleic acid facing inwards) and placed 

into a Hybaid™ glass tube (Amersham) containing 25 mL of Church hybridization solution 

(0.25 M Na2P04.2H20, pH 7.2, 7 % (w/v) SDS, 1 % (w/v) BSA fraction V, 1 mM EDTA, pH 

8 .0) and the membrane pre-incubated in a rotary oven at 65°C. After 3 h, the labeled probe 

(section 2 . 1 2.2 or 2. 12.3)  was added to the hybridization solution and the membrane was 

incubated for 1 6  h at 65°C. A series of washes were then processed undertaken at 65°C. At the 
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conclusion of hybridization, the membrane was washed with the hybridization wash solution 

(20 mM Na2P04.2H20, pH 7.2, 5 % (w/v) SDS, 0.5 % (w/v) BSA fraction V, 1 mM EDTA, 

pH 8.0) for 20 min and then with dilutions of a 20 X SSPE solution (0.2M Na2HP04, pH 6.5, 

3.6 M NaCI, 20 mM EDTA). The frrst of these was in 2 X SSPE (2X SSPE, pH 6.5,  0. 1 % 

(w/v) SDS) for 20 min, 1 X SSPE ( I X  SSPE, pH 6.5, 0. 1 % (w/v) SDS) for 20 min, and then 

0.2 X SSPE (O.2X SSPE, pH 6.5, 0. 1 % (w/v) SDS). The membrane was fmally washed in 0. 1 

X SSPE (O. I X  S SPE, pH 6.5, 0 . 1  % (w/v) SDS) for 40 min, wrapped in cling film, and either 

placed onto a Phosphor-Image cassette (FujiFilm, Tokyo, Japan) for 5 hr and the image was 

developed in a Phosphor-Image (FLA-5000; FujiFilm) or placed with an X-OMATIC 

intensifying screen and an XAR-5 X-ray film (Kodak) at -80°C for 2 weeks. After this time, 

the film was developed in an automatic X-ray film processor ( I OOPlus™, All-Pro Image, 

llickville, NY, USA). 

2.13 GUS staining histochemical assays 

2.13. 1 .  Staining procedures 

Tissues which were required for analysis were excised fresh, or kept at 4°C until dipped in 90 

% (v/v) of ice-cold acetone and incubated on ice for 1 5  min. The fixed tissues were then 

rinsed with 50 mM of Na2HP04 (PH 7.2), immersed into X-gluc staining solution (2 mM 

5-bromo-4-chloro-3-indolyl P-o-glucuronide cyclohexylamine salt (Sigma), 50 mM Na2HP04, 

pH 7.2) and placed under vacuum at 50 kPa for two periods of 1 5  min. The entire solution and 

tissues were then wrapped in tin foil and incubated at 37°C overnight. 

2. 13.2. Tissue fixation and embedding 

The stained tissues normally display a blue colour, and for shoot tissue this is seen against a 

green chlorophyll background. To remove chlorophyll and for tissue fixation purposes, tissues 

were initially destained in 1 5  % to 30 % (v/v) ethanol for 30 min each, and then transferred to 
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the FAA fIxative solution (50 % (v/v) ethanol, 5 % (v/v) acetic acid, 3 .7  % (v/v) 

formaldehyde) with vacuum fIltration at 50  kPa for 1 5  min. After incubation for 4 h to 

overnight, the tissues were immersed in 70 %, 85  %, 95 % (v/v) ethanol solutions for 30  min 

at each step, and then immersed twice in 1 00 % ethanol for 2 h. The de-stained tissues can be 

kept in 1 00 % ethanol at 4°C for several months. To obtain tissue sections, the fIxed tissues 

required the following clean-up and embedding steps. The de-stained tissues were incubated 

in 25 % (v/v) xylene and 75 % (v/v) ethanol for 1 h, then immersed in 50 % : 50 % and then 

75 % : 25 % (v/v) of xylene : ethanol for 1 h in each solution. After a fmal incubation in 1 00 

% xylene for 1h, paraplast chips (TYCO healthcare, MansfIeld, MA., USA) were gradually 

added to the xylene solution at 42°C with gentle agitation. The chips were continually added 

until the wax volume was equal to the xylene volume, and the mixture then incubated for 2h. 

After that, the tissues were switched to fresh wax and incubated at 60°C overnight, after 

which the wax was changed twice per day for three days. A histochemical embedder (BioLab) 

was used to prepare wax blocks. The tissue was placed in a pre-warmed embedding boat, 

fIlled with molten wax, covered with an embedding cassette (BioLab) and fmally switched to 

a cold plate to solidify the wax.  

2.13.3. Sectioning and mounting 

The wax block was trimmed of un-wanted wax and pre-cooled on ice until sectioning. The 

embedding cassette was placed on the microtome (Leica, Bensheim, Germany) and the tissue 

sectioned from 8 I1Ill to 35 I1Ill using disposable blades. The wax sections were floated in 

water pre-heated to 42°C, captured onto polysine microscope slides (BDH) and placed on the 

top of the slide backer (Agar ScientifIc, UK) at 42°C overnight. To de-wax, the slides were 

dipped twice into 1 00 % xylene for 1 0  min, before mounting with dibutyl phthalate xylene 

(DPX) solution (Sigma). 
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2.14 In Situ hybridization 

2.14.1 .  Sub-cloning of probes 

The sequences of the 3 '-UTR regions of TR-ACOI and TR-AC03 were used as probes for 

in-situ hybridization (Figure 2. 1 0). Since these 3 '-VTR sequences were cloned originally 

(Hunter et at, 1 999) into the pCR2 . 1@  vector (Invitrogen), which does not contain the SP6 

promoter sequence, these sequences were ftrst sub-cloned into the pGEMTM-T-Easy vector 

that contains both T7 and SP6 promoters. To do this, cells from a glycerol stock were 

inoculated into 5 mL of LBAMP100 broth and the cells incubated at 37°C for overnight with 

shaking ( 1 80 rpm). The broth was then centrifuged at 6 500 x g for 5 min to collect the pellet, 

and the alkaline lysis miniprep method (section 2. 10.8 . 1 )  used to obtain plasmid DNA. The 

DNA insert of interest was identified by restriction digestion (section 2. 1 0.9), the digested 

DNA resolved by gel electrophoresis (section 2. 1 0. 1 )  and the band of the expected size 

excised and recovered using the column method (section 2 . 1 0.8.2). After conftrmation by 

DNA sequencing (section 2. 1 0. 1 0), the nucleic acid fragments were ligated into 

pGEMTM-T-Easy (section 2. 1 0 .5)  (Figure 2.3), transformed into E. coli (DH-5a strain) 

competent cells with ampicillin selection (section 2. 1 0.7) and plasmids with the correct 

inserts were identified by restriction digestion of plasmid DNA (section 2. 1 0.9). 

2.14.2. RNA probe synthesis 

The sub-cloned plasmid DNA (section 2. 1 4. 1 )  was used as template for PCR using the 

forward and reverse M 1 3  primers and the ampliftcation products treated with 2 ilL of SAP ( 1  

VI ilL, Invitrogen) and 1 ilL of Exo I ( 1 0  VI ilL, Invitrogen). Since the sense probe will be 

used as negative control, both RNA probes (sense and anti sense) were synthesised using T7 

and SP6 RNA polymerases. The reaction mixture used comprised 1 ilL of DNA template (400 

ng/IlL) mixed with 2 ilL of 1 0  x transcription buffer (Roche), 1 ilL of RNase inhibitor 

(20VIIlL, Roche), 2 ilL ofNTP labeling mixture ( l OO flM ATP, 1 00 flM CTP, 1 00 flM GTP, 65 
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TR-AC01 -3'UTR-in-situ probe 

5'�CAAGCTAAGG AACCAAGATtrTGAAGCACTGAAAGCATGAAATGTGAATTTGGG 

TTCAATTGCAATTGTTTTGAATTTAAACAAGTAACATAAAATAGGCAAAGATGCATGT 

GCTCCTCAAATGAAAATAATAAAAAATAGATTTAAATATGATGCGAGTCATGCAAATAT 

ATTATGTGTTAGTTTTTGTAAGTTTATTTTTAATAGATAAACGAAATGTGTGTTAATAC 

AAATTCACACAGTAAATTGAAGGGATTAGAGTTCGAACATCGG[TATGGTGTCAG� 
ICTCATTTTG G�3' 

TR-AC03-3' UTR-in-situ probe 

5'�CAAGCTAAGG AACCAAGATtrTGAAGCACTGAAAGCATGAAATGTGAATTTGGG 

TTCAATTGCAATTGTTTTGAATTTAAACAAGTAACATAAAATAGGCAAAGATGCATGT 

GCTCCTCAAATGAAAATAATAAAAAATAGATTTAAATATGATGCGAGTCATGCAAATAT 

ATTATGTGTTAGTTTTTGTAAGTTTATTTTTAATAGATAAACGAAATGTGTGTTAATAC 

AAATTCACACAGTAAATTGAAGGGATTAGAGTTCGAACATCGG[TATGGTGTCAG� 
ICTCATTTTGG�3' 

Figure 2.1 0 Sequences, as indicated, of the probes used in in-situ hybridization 
analysis for TR-AC01 and TR-AC03 

The boxed regions represent the primer sequences for the forward (clear background) 

and reverse (shaded background) primers used to amplify each probe. 
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� UTP, and 35 � DIG-UTP, (Roche)), 1 2  ,u. of diethyl pyrocarbonate (DEPC)-treated 

water (Sigma) and 2 ,u. of T7 or SP6 RNA polymerase (20 U/,u., Roche). After incubation at 

3 7°C for 3 h, 2 ,u. of DNase I ( 1 0  U/Jl.L, Roche) was added, and the mixture incubated at 

3 7°C for 3 0  min. Finally, the reaction was terminated by the addition of 2 ,u. of 200 mM 

EDTA (PH 8). 

The labeled probes were precipitated by adding 2.5 ,u. of 4 M LiCI and 75 ilL of 1 00 % (v/v) 

ethanol to the mixture. After an overnight incubation at -20°C, the precipitate was collected 

by centrifugation at 20 800 x g for 1 5  min, the supernatant removed, and the pellet washed 

with 1 5 0  ilL of 70 % (v/v) ethanol. The pellet was recovered by centrifugation at 20 800 x g 

for 5 min, washed twice more with 70 % (v/v) ethanol, once with 1 00 % (v/v) ethanol, 

air-dried and resuspended in 1 00 ilL of DEPC-treated water. 

2 . 14.3. Hydrolysation and precipitation of probes 

The labeled probes required hydrolysation to reduce the probe size and achieve efficient 

penetration into the tissue. To do this, the reaction mix contained half of the probe solution 

(50 ilL) (section 2. 1 4.2) mixed with 20 ilL of 200 mM NaHC03 (PH 10.2), and 30 ilL of 200 

mM Na2C03 (PH 1 0.2). The mixture was incubated at 60°C for a time calculated using the 

formula: 

Incubation time T = (LO-Lt) / [(K) * (LO) * (Lt)] 

Where T = hydrolysis time (min) 

LO = starting length (kb) 

Lf = fmal length (kb) (= 0. 1 kb) 

K = rate of constant for hydrolysis (= 0. 1 1  kb·1min· 1 ) 

After incubation, 1 0  ilL of 1 M NaOAc, (PH 4.7), was added to stop the reaction, the 

hydrolysed probes precipitated by the addition of 1 ilL of glycogen (20 mglmL, Sigma), 1 0  
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JlL of 4 M LiCl and 3 00 J.1L of ice-cold 1 00 % (v/v) ethanol. The mixture was incubated at 

-20°C for overnight, the probes collected by centrifugation at 2 0  800 x g for 1 5  min, washed 

twice with 70 % (v/v) ethanol, air dried and resuspended in 500 JlL of 50 % (v/v) formamide. 

2 . 1 4.4. Quantification of probes 

The labeled probes and the control labeled RNA (supplied by Roche) were serially diluted 

into different ratios ranging from 1 :  1 0 to 1 :  1 000, with 1 JlL of each dilution spotted onto 

Hybond™ -N+ nylon membrane. After post-fIxing by UV-crosslinking (UV 

Stratalinker@2400; STRATAGENE) for 2 min, the membrane was placed in wash buffer ( 1 00 

mM maleic acid (PH 7.5), 0. 1 5  mM NaCl, 0.3 % (v/v) Tween 20) for 5 min with gentle 

agitation and then covered with blocking buffer ( 1  % (w/v) blocking reagent (Roche), 1 00 

mM maleic acid (PH 7 .5), 0. 1 5  mM NaCl) for 30  min with gentle agitation. The membrane 

was then incubated in a 1 :5000 dilution of anti-DIG-alkaline phosphatase (Roche) for 30 min 

at room temperature, rinsed twice with wash buffer and then placed into detection buffer ( 1 00 

mM Tris-HCI, pH 9.5,  1 00 mM NaCl, 50 mM MgClz) for 5 min . Finally, the membrane was 

incubated overnight in 1 0  mL of detection solution (3 . 37  Jlg of Nitroteazolium blue chloride 

(NTB), 1 . 75 Jlg of 5-Bromo- 4-chloro-3-indolyl phosphate (BCIP) in 1 0  mL of detection 

buffer) in the dark at room temperature, after which the probe was compared with the density 

of staining of the control RNA and the probe concentration calculated. 

The concentration was also quantifIed using the NanoDrop@ method. The labeled probes were 

diluted with 50 % (v/v) formamide to give 1 :  5 and 1 : 1 0  fold dilutions, and 2JlL of each 

dilution was then loaded on the pedestal of the NanoDrop@ (ND- 1 000, NanoDrop 

Technologies, Montchanin, DE, USA) and the probe concentration was calculated. 

2.1 4.5. Fixation and dehydration of plant tissue materials 

The paraformaldehyde fIxation method was mainly used for in-situ hybridazation in this study. 

Fresh plant tissues were excised and immediately placed into an ice-cold fIxation solution (4 
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% (w/v) paraformadehyde, 1 3 0  mM NaCI, 7 mM Na2HP04, 3 mM NaH2P04, p H  7.0) and 

tissue placed under vacuum (-35 kPa) for 1 0  min until all tissue descended to the bottom of 

the vessel containing the fIXative. After the pressure was released, fixation was continued at 

4°C for 1 2  h. 

Subsequent to fIXation, the plant tissues were placed into 0.85 % (w/v) NaCI at 4°C for 30 

min with gentle agitation, after which the tissue was placed in 15 % (v/v) ethanol containing 

0.85 % NaCl (w/v) for 1 h, then transferred to 30 % (v/v) and 50 % ethanol each containing 

0.85 % NaCl (w/v) for 1 h each. The 50 % (v/v) ethanol was then replaced by 50 % (v/v) TBA 

(tertiary butyl alcohol) for a 1 h incubation, followed by incubation in 70% (v/v) TBA 

overnight at 4°C. After the overnight incubation, the tissues were transferred and incubated, at 

3 7°C, for 1 h each in a series of TBA solutions as follows 70 % (v/v), 85 % (v/v), 90 % (v/v) 

before incubation in 1 00 % pure TBA twice for 2 h each, and then incubation overnight in 

fresh 1 00 % TBA solution at 3 7°C. 

2 . 1 4.6. Wax infiltration 

After incubation in TBA, tissues were transferred to a solution of 50 % (v/v) paraffm oil and 

50 % (v/v) TBA at 37°C for 30 min, before placing the ftxed tissues onto the top of semi-solid 

wax and incubating at 60°C for 3 h. After that, the tissues were placed into fresh wax and 

incubated overnight at 60°C. The wax was changed twice per day for a further three days, 

after which a histochemical embedder was used to prepare wax blocks which were stored in 

4°C until required for sectioning (section 2. 14. 7). 

2.14.7. Tissue sectioning 

After removal of unwanted wax, the tissue sample was sectioned from 8 !lm to 20 flill using 

disposable blades in a microtome (Leica), the wax sections floated onto DEPC-treated water 

at 42°C, and then captured onto polysine microscope slides (BDH). The microscope slides 

were placed overnight onto a slide incubator at 42°C.  
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2 . 14.8. Pretreatments of samples 

The baked microscope slides were placed into a de-waxing solution (Histoc1ear®, National 

Diagnostics, Atlanta, GA, USA) for 1 0  min, with this procedure being performed twice in 

order to effectively remove wax from the sectioned samples. The sections were then 

rehydrated through an ethanol series from 1 00 % (v/v) ethanol for two rinses of 30 sec, and 

then the sections transferred sequentially for two rinses of 3 0  sec in 95 % (v/v), 85 % (v/v), 

70 % (v/v), 50 % (v/v), 30 % (v/v) and 1 5  % (v/v) ethanol, each with 0.85 % (w/v) of NaCI, 

until a fmal wash with 0.85 % NaCl for 30 sec. After this, the slides were incubated in 

pronase solution (0. 125 mg/ml pronase, (Sigma); 50 mM Tris-HCI, pH 7.5;  5 mM EDTA, pH 

8 .0) at 3 7°C for 35 min, the reaction stopped by transferring the slides to glycine solution (0.2 

% (w/v) glycine, 1 30 mM NaCl, 7 mM Na2HP04, 3 mM NaH2P04, pH 7.0) for 2 min, then 

each slide was rinsed twice in 1 x PBS buffer ( 1 30 mM NaCl, 7 mM Na2HP04, 3 mM 

NaH2P04, pH 7.0) for 2 min each and then in 0.85 % (w/v) NaCI solution for 2 min. 

2. 14.9. RNA hybridization a nd washing 

RNA probes (section 2. 14.3) were diluted to the required concentration with hybridization 

buffer (50 % (v/v) formamide, 300 mM NaCl, 1 0  mM Tris, pH 7.5, 1 mM EDTA, pH 8.0, 5 % 

(w/v) dextran sufate, 1 % (w/v) blocking reagent (Roche), 1 50 IlglmL tRNA (Roche)), with 

the required concentration calculated from the following formula: 

Where 

Probe conc. = 200 ng / (S) / (P) 

(S) = the volume (mL) of hybridization solution applied to each slide 

(P) = the probe size (kb) 

Approximately 1 00 ilL of diluted hybridization solution was applied to each of the pre-treated 

slides (section 2. 1 4.8), these were covered with a cover slip and the slides laid on an elevated 

level in a container lined with blotting paper (3mm Chr, Whatman) pre-wet with 2 x SSC 



83 

(0.03 M sodium citrate, pH 7.0, 0.3 M NaCI) in 50  % (v/v) formamide. The slides were then 

incubated overnight at 55°C, and following probe hybridization, low and high stringency 

washes were applied to the slides. The slides were washed twice in low stringency saline 

solution (2 x SSPE) at room temperature for 1 0  min, and then with the high stringency wash 

(0.2 X SSPE solution) at 55°C for Ih  with gentle agitation. RNase treatment was completed 

by immersing the slides twice in RNase buffer ( l 0  mM Tris-HCI, pH 7.5, 1 mm EDTA, 500 

mM NaCI) at 37°C for 5 min, then transferring to a RNase A solution (5 )lg/mL RNase A 

(Sigma) in RNase buffer) at 37°C for 30 min. The slides were subsequently washed twice in 

fresh RNase buffer at 37°C for 5 min each, then transferred to fresh 0.2 x SSPE buffer and a 

high stringency wash was repeated at 55°C for 1 h. The slides were then rinsed twice with 

fresh 0.2 x SSPE at 37°C for 5 min. 

2.14. 10. Immunological detection 

The washed slides (section 2. 1 4.9) were transferred into 1 X blocking solution (1 % (w/v) 

blocking reagent (Roche), 100 mM maleic acid (PH 7 .5), 1 50 mM NaCl) for 45 min and then 

into BSA wash solution ( 1  % (w/v) BSA fraction V (Invitrogen), 0 . 3  % (v/v) Triton-X 100, 

1 00 mM Tris-HCI, pH 7 .5, 1 50 mM NaCl) with gentle agitation for 45 min. Before applying 

antibody to the slides, the anti-DIG-AP fragments (Roche) were diluted 1 : 1 000 with the BSA 

wash solution, and then 100 )lL applied to a slide and a cover slip placed on top. After 

incubating at room temperature for 2 h, the slides were washed three times with BSA wash 

buffer for 45 min each, then dipped twice in detection buffer ( l OO mM Tris-HCI, pH 9.5, 1 00 

mM NaCl, 50 mM MgCh) for 5 min. One hundred !lL of detection solution (NTB 

(3.375mg/mL), BCIP ( 1 .75 mg/mL) in detection buffer) was then applied to each slide, the 

slides incubated in the dark and in a humid environment at room temperature for 36  h. The 

reaction was stopped by washing three times with TE buffer (for 5 min, before being 

processed in a series of dehydration steps sequentially from 70 % (v/v), 85 % (v/v), 95 % (v/v) 
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ethanol, and then twice in 1 00 % ethanol for 1 min for each step. The fmal step was to soak 

the slides in a de-waxing solution (Histoclear�) for 1 m.in, and after drying in the fume hood, 

the slides were mounted with DPX (Sigma) before analysis. 

2.15 General microscopy methods 

To capture GUS stained and those generated by in-situ hybridization images, the slides were 

examined using a compound light microscope (Olympus-BX5 1 ,  Olympus Ltd. Japan), and the 

images captured using an Optronics U-TVO.5XC camera (Olympus Ltd.). 



Chapter 3 Results 

3.1 Isolation of TR-ACO promoter sequences 

3 . 1 . 1 .  TR-A COl promoter isolation 
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3 . 1 . 1 . 1  Amplification of the TR-A COl promoter uSing 

Genome Walker
™ peR 

Five libraries were amplified using the Genome Walker™ method with nested PCR primers. 

The primers used were nested forward primers based on the commercially-available 5 '  

adaptor sequence, (AP-F l ;  AP-F2) and reverse primers based on the known 3 - sequence of 

the TR-ACOI cDNA (designated GW-ACO I -R l ;  GW-ACO I -R2, Section 2 .8)  (Figure 2.2). 

Prior to PCR amplification, DNA was digested with different restriction enzymes, an adaptor 

sequence for the AP-F 1 primer was then annealed to the 5 - ends of the fragments and then 

these used as templates for PCR. After two rounds of PCR, amplified products were present in 

three libraries (L). A 1 500 bp product was amplified from L t  (Dra I digested), 800 bp and 

1 600 bp products from L2 (Eco RV digested), and 1 200 bp and 700 bp products from L4 (Stu 

I digested) (Figure 3 . 1 . 1 ). Only low molecular weight amplification products were obtained 

from genomic templates generated using Pvu 11 (L3) and Sma I (L5). 

3. 1 . 1 .2 Screening of putative TR-A COl promoter inserts I D  

p-GEM vector 

The three amplified products from the L 1 and L2 libraries were purified, ligated into the 

p-GEM vector and transformed into E.coli strain DH-5u. After plating onto selection media, 

colonies were selected, the plasmid DNA isolated and then digested. Preliminary screening 

(Figure 3 . 1 .2 A) showed that five colonies contained putative inserts from the original 1 500 
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Figure 3.1 . 1  TR-AC01 promoter isolation using peR 
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PCR-generated DNA fragments, using the GW-AC01 -R1  and AP-F1 primers 

for round one, and the GW-AC01 -R2 and AP-F2 primers for round two. PCR 

products were separated by e lectrophoresis on a 0.75 % (w/v) agarose gel 

and visualized with ethidium bromide. The relative sizes of the DNA ladder 

are indicated on the right. 

L 1 :  Two rounds of PCR amplification from a Ora I digested l ibrary 

L2: Two rounds of PCR amplification from a Eco RV digested l ibrary 

L3: Two rounds of PCR amplification from a Pvu I I  digested l ibrary 

L4: Two rounds of PCR amplification from a 8tu I digested l ibrary 

L5: Two rounds of PCR ampl ification from a 8ma I digested l ibrary 
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bp purified PCR product from the L 1 library and colony # 2 was chosen for further DNA 

sequencing. Two colonies with ca. 800 bp inserts from the original 1 600 bp purified product 

from the L2 library were obtained, and colony # 2 was chosen for DNA sequencing (Figure 

3 . 1 .2 B). Three colonies from the original 800 bp purified PCR product from the L2 library 

were obtained, and colony # 4 was chosen for DNA sequencing (Figure 3 . 1 .2 C). 

3 . 1 .1.3 Sequencing of the putative TR-A C01 promoter 

The results of DNA sequencing showed that a 1 440 bp insert was obtained from colony # 2 of 

the L 1  ( 1 500 bp) library (colony # 2, Figure 3 . 1 .2 A). The sequenced colony from the L2 

( 1 600 bp) library (Figure 3 . 1 .2 B) had a 730 bp insert, and the L2 (800 bp) library product 

transformation had a 600 bp insert (colony #4, Figure 3 . 1 .2 C). Both of these two sequences 

(from the L2 library) are contained within the L 1  sequence. So, the 1 440 bp sequence from 

the L 1  library was used for further analysis (Figure 3 . 1 .3). 

3 . 1 . 1 .4 Confirmation of putative TR-A C01 promoter 

sequence 

3. 1.1.4. 1. TR-AC01 promoter sequence analysis using BLAST-n 

The alignment results from the NCBI BLAST-n database indicated that a 387 bp primary 

sequence was most closely related to the TR-ACOI gene isolated from white clover with 99 % 

identity (Hunter et aI., 1 999). At least 90 different ACe oxidase genes were aligned, and 

highly conserved fIrst intron and 5' and 3' splice sites can also be detected in the TR-ACOI 

sequence (data not shown). Excluding the white clover TR-ACOI sequence, the second most 

identical sequence is an ACC oxidase cDNA from pea (Pisum sativum), PE8, and then an 

ACC oxidase cDNA sequence from mung bean ( Vigna radiata) VR-ACOJ (Figure 3 . 1 .4). A 

1 3 1  bp sequence from TR-ACOI isolated in this thesis is aligned with TR-ACOJ (GI 4704655)  

and the PE8 sequence (GI 1 69040) and shown to  have 95 % identity (Figure 3 . 1 .4). In 

contrast with the reading frame, the upstream sequence from the putative ATG does not show 
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1 x 2 x 3 x 4 x 5 x M  1 x 2 x  3 x M 

1500 bp 
.....----"ovv bp 

A B 

1 x 2 x 3 x 4 x M  

800 bp 

.......... -<'>,JV bp 

c 

Figure 3.1 .2 Restriction enzyme digestion screening of p-GEM plasmids 

containing putative TR-AC0 1 promoter i nserts in E. coli cells 

A. Screening of the L 1 l ibrary (Ora I digestion) with putative 1 500 bp inserts 

B .  Screening of the L2 l ibrary (Eco RV digestion) with putative 1 600 bp inserts 

C. Screening of the L2 l ibrary (Eco RV digestion) with putative 800 bp inserts 

Products from Eco RI digests were separated on 0 .8 % (w/v) agarose gel and 

visualized with ethidium bromide. The sizes of the inserts are indicated on the 

right. The numbers refer to colonies screened . X = undigested plasmid. M = 

com mercially-available 1 Kb plus ladder. 
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TR -ACOI - L l  ( 1 . 4 4 k )  

AAATATTATTCTTACTGCTTATTTTTTTCTTTTCAAAATGAAGGCCAGCAATTACTTTTTGTATTAATC 

AATTTGGTAAATGACTGTTAGGATTATT TTTTGTTTTAATCAATTTGGGTGAGGATTTGAATTTATCTT 

ACCGTTTTAATGGGAGAAAATAGTATTGGTTGAATGGAAATAATTATTTTGGATATGTTTTAATTTGTT 

TTGATTGGAGGATTTGATTTGATTATAATGATTCCCTAGAATATTTTTTATTTGTAGTTATTTCAATGA 

TTTGAAGTTAATGTATGATTTTTTATTTTTATTTTTTGGTTTACAAAGTACAGTATGATTTTTGTTCAA 

CTGGCAAAAATTTGCCGAAATTGCAAGGCCGGACGTCATGACCGGGGTTCGAACCCCGGCTCTCTCACT 

TGTGTTAGAATTTATCATATTTACTTTGCCAATTCTTCTATGTACCAAAAAAAAAGTACAGTATGAT TT 

TTGTTCCAATTTAAGTGGATTGATTTTTTACATTTGAATTTAATCCACATAAAATCTCATTATAAATTG 

ATACATTAGATTTTTTTTTCTTTCACTACCAGTTTAATCTGGTTCGGTGGTCAGTTCTGACATCAAGTG 

ATTCTAATCTCCTTCTGATCGCAGCTGCGGAAGTATCAAACTGTGATCCTCTCTACCAAACACCAATCA 

TCACTTAACCCACTAACGATTTCTTGACACATCAAAATTCTATGCCAAGAGACTTTGGAACAAAATTTC 

TTATATACTACTTTCTTAATTAGTTTTAATTAATAATAGATTTTATTCTAAGATTCACTGAGAGCCTTG 

GAATAAAATTTTTATTATTTTTTACATTCTTTAGCCATTCCCTCAAGTTGCAGGCCTATAAATACATCC 

ATTTGCATTGCACTTATAACACTCACACTACTCACATCATATACACTCTTTATTCACATATAACTAAAT 

ATCAAAGTGAGTGAAAAGAAAGAAAATTGAAAGAAGC�AAAACTTTCCAATTGTTGACATGGG 

GAAGCTTAACACAGAAGAGAGAAAATCAACCATGGAGAAGATCAAAGATGCTTGTGAGAACTGGGGTTT 

CTTTGAGGTACAAACTCTTTATATATATAAAAATTTCTTATGTTTGGACTAACAATATCTTTAACAGAA 

TCACAGTGTCTCATCGTAATTTTGACAAAATATCACTTCAGAGTTTAACAGAATCACAGTGTCTCATCG 

TAATTTTGTCAAACTTATTGTGATTTTAAGGCTTTCTAATATTATTCTTTGTATTGTTTTGTGAAGTTG 

GTGAACCATGGAATATCTATTGAGATGATGGACAAAGTGGAGAAGCTCACAAAAGATCACTACAAGAAG 

TGTATGGAACAAAGGTTCAAAGAAATGGTTTCAAGCAAAGGTTTGGAGTGTGTTCAGT - 3 '  

Figure 3.1 .3 Sequence of the putative TR-AC01 promoter from the 
L 1 digestion l ibrary 

An 1 440 bp DNA sequence isolated and sequenced from the L 1 l ibrary 

(Ora I digestion) .  The putative ATG is boxed, and the inner nested 

reverse primer used to ampl ify the putative promoter sequence (Fig 2. 1 .2 

A) is underlined. 
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Sequences produc ini s i in i fi cant a l iinmen t s : 

Access number Gene Source Score (bits) e-value 

gil4704655 TR-AC01 Trifolium repens 256 4e-65 

gi l 1 69040 PEB Phaseolus lunatus 1 6 1  2e-36 

gil 1 2802438 VR-AC0 1 Vigna radiata 1 1 7  3e-23 

gil458337 VR-AC0 1 Vigna radiata 1 1 1  2e-2 1 

gi1 1 3570025 PP-A C02 Prunus persica 94 4e- 1 6  

Trifol iUJ1J repens s tolon apex l - aminocycl opropane - l -ca rboxylate ox idase (Am! ) mRNA , part i a l  cds 

Leng t h  = 1 1 77 , Score = 256 b i t s  ( 1 29 ) ,  Expe c t  = 4e-65 , Iden t i t i e s  = 1 3 1 / 1 32 ( 99% ) , S t rand = P l u s  1 P l u s  

Que ry : 623 agt t gg t gaacea t gga a t a t e t a t t gaga tga tggaeaaag tggagaage t ea e aaaag 682 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Sbi e t : 26 ag t t gg t gaaeea t ggaa t a t e t a t tgaga tgatggaeaaag tggagaage t e aeaaaag 85 

Que r y :  683 a t e a e t aeaagaag t g t a t ggaaeaaaggn teaaagaaa tgg t t teaageaaagg t t tgg 742 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Sbi e t : 86 a t eae t aeaagaag t g t a tggaaeaaagg t t eaaagaaatgg t t t e aageaaagg t t tgg 1 4 5  

Que ry : 743 ag t g tg t t eagt  754 

1 1 1 1 1 1 1 1 1 1 1 1  

Sbi e t : 1 46 ag t g t g t t e ag t 1 57 

Pea l - aminocyc lopropane - l - ca rboxyl ate  oxidase mRNA, complete  cds 

Leng t h  = 1 1 22 , Sco re = 161 b i t s  ( 8 1 ) ,  Expe c t  = 2e - 36 ,  Iden t i t i e s  = 93/97 ( 95% ) , S t rand = P l u s  1 P l u s  

Que r y :  3 3 1  e t t t eeaa t t g t tgaea t ggggaage t t aaeaeagaagagagaaaa t e aaeea t ggagaa 390 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Sbi e t : 1 2  e t t t eeaa t t g t tgaea t ggggaaget t aaeacagaagaeagaaa a t eaaee a t ggag t t  7 1  

Que ry : 391  ga t eaaaga t ge t t g t gagaa e t gggg t t t e t t tgag 427 

1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Sbi e t : 72 ga t eaaaga tgee t g t gagaa e t gggg t t t e t t t gag 1 08 

Que ry : 628 g t gaaeea t ggaa t a t e t a t tgaga t g a t ggacaaagtggagaage t eaeaaaaga t eae 687 

1 1 1 1 1  1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I 1 1  1 1 1 1 1 1 1 1  1 1 1 1 1  1 1  I 1 1  

Sbi e t : 1 1 2 g tgaa t e a t gg t a t a t e t a t t gaga t g a t gga t aegg t t gagaage tgaeaaaggaaeae 1 7 1  

Figure 3.1 .4 Results from NeBI database BLAST-n analysis of the 
putative TR-AC01 sequence 

Query = TR-AC0 1 sequence isolated i n  this thesis 

Sbjct = TR-AC0 1 sequence (gi I4704655) or PE8 sequence (gi I 1 69040) i n  

the database 



9 1  

any significant identity with other sequences in the database (data not shown). 

3.1.1.4.2. GCG analysis of the TR-AC01 sequence 

The result of the alignment between the 3 '  end of the TR-ACOl promoter sequence and the 5 '  

end of TR-ACOl gene sequence, indicates that a 1 97 bp intron i s  located 1 05 bp downstream 

from the translation start site (ATG). Immediately downstream of the ATG, a 78 bp sequence 

represents a novel sequence obtained upstream of that reported from the Genebank accession 

of TR-ACOl lodged by Hunter et. al. ( 1 999) (GI 4704655) (Figure 3 . 1 .5).  

3.1 .2. 

3 . 1 .2.1  

TR-A C02 promoter isolation 

Amplification of the TR-A C02 promoter using 

Genome Walker™ peR 

Five libraries were amplified using the Genome Walker™ method with nested PCR primers. 

The primers used were nested forward primers based on the commercially-available 5 '  

adaptor sequence (AP-F l ;  AP-F2), and reverse primers based on the known 3 '  sequence of 

the TR-AC02 gene (designated GW-AC02-R l ;  GW-AC02-R2, Section 2 .8)(Figure 2.2). 

After two rounds of PCR, amplified products were present in two of the libraries. In L 1 (Eco 

RV digested), 3 500 bp and 1 800 bp products were amplified, and 1 600 bp and 700 bp 

products from the L2 (Pvu 11 digested) l ibrary (Figure 3 . 1 .6). 

3.1 .2.2 Screening of the TR-A C02 promoter inserts in E.coli 

The two amplified products from the L 1 ,  and the 1 600 bp product from L2 libraries were 

purified, ligated into the p-GEM vector and transformed into E. coli strain DH-5a. After 

plating onto selection media, colonies were selected, the plasmid DNA isolated and then 

digested. Preliminary screening showed that seven colonies contained putative inserts were 

generated from the purified 1 800 bp product of the L l  library (Figure 3 . 1 . 7 A), and colony #2 

was chosen for further DNA sequencing. No inserts were obtained from the purified 3500 bp 



TATAAATACATCCATTTGCATTGCACTTATAACACTCACACTACTCACATCA 

TATACACTCTTTATTCACATATAACTAAATATCAAAGTGAGTGAAAAGAAAG 

AAAATTGAAAGAAGCAAAATGGAAAACTTTCCAATTGTTGACATGGGGAAGC 

TTAACACAGAAGAGAGAAAATCAACCATGGAGAAGATCAAAGATGCTTGTGA 

GAACTGGGGTTTCTTTGAGgtacaaact c t t t a ta ta t a taaaaa t t t c t ta 

tgt t tggactaacaa ta tct t taacagaa tcacagtgt ctca t cgtaa t t t t  

gacaaaa t a t cact tcagagt t t aacagaa t cacagtgt c t ca t cgtaa t t t  

tgt caaa c t t a t tgtga t t t taaggct t t ctaa ta t ta t tct t tgtat tgt t 

t tgtgaAGTTGGTGAACCATGGAATATCTATTGAGATGATGGACAAAGTGGA 

GAAGCTCACAAAAGATCACTACAAGAAGTGTATGGAACAAAGGTTCAAAGAA 

Figure 3.1 .5 Structure of the 3' region of the 1 440 bp P TR-AC01 
sequence 
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The comparison between the 5' end of the TR-AC0 1 partial genomic 

sequence isolated in this thesis (bold) shows 1 00 % identity with TR-AC0 1 

(GI4704655) .  The upper dots represent novel sequence obtained in this 

study (78 bp) that is not included in the Genebank sequence of the 

TR-AC0 1 cDNA. The grey highl ighted lower case italics is the fi rst intron 

sequence. The lower dots indicate the inner nested reverse primer used to 

ampl ify the sequence. The ATG is bold and underl ined. The upstream 

sequence from ATG sequence is only partially shown in  this figure. 
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3500 bp 

1600 bp 

700 bp 

Figure 3.1 .6 TR-AC02 promoter isolation usi ng peR 
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PGR-generated DNA fragments, using the GW-AG02-R1 and AP-F1 primers 

for round one, and the GW-AG02-R2 and AP-F2 primers for round two. PGR 

products were separated by electrophoresis on a 0.75 % (w/v) agarose gel 

and visualized with ethidium bromide. The relative sizes of the DNA ladder 

are indicated on the right. 

L 1 :  Two rounds of PGR ampl ification from a Eeo RV digested l ibrary 

L2 : Two rounds of PGR ampl ification from a Pvu I I  digested l ibrary 

L3: Two rounds of PGR ampl ification from a Stu I d igested l ibrary 

L4: Two rounds of PGR ampl ification from a Sma I digested l ibrary 

L5: Two rounds of PGR amplification from a Nae I digested l ibrary 
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1 x 2 x 3 x M 4 x 5 x 6 x 7 

1 800 bp 

x 2 x 3 x M M 1 x 2 x 3 x 4 

1 600 bp 
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B c 

Figure 3.1 .7 Restriction enzyme digestion screeni ng of p-GEM plasmids 
contain ing putative TR-AC02 promoter i nserts in E. coli cel ls 

A. Screening of the L 1 l ibrary (EGO RV digestion) with putative 1 800 bp inserts 

B. Screening of the L 1 l ibrary (EGO RV digestion) with putative 3500 bp  inserts 

C. Screening of the L2 l ibrary (Pvu 1 1  digestion) with putative 1 600 bp inserts 

Products from EGO RI digests were separated on 0.8 % (w/v) agarose gel and 

visual ized with ethidium bromide. The sizes of the inserts are indicated on the 

right. The numbers refer to colonies screened. X = undigested plasmid. M = 

commercially-available 1 Kb plus ladder. 
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product from the L 1 library. Three colonies containing 1 600 bp inserts were obtained, but 

these were not sequenced (Figure 3 . 1 .7 B). Three colonies with putative 1 600 bp inserts were 

obtained from the L2 library, and colony #2 was chosen for DNA sequencing (Figure 3 . 1 .7 

C). 

3.1 .2.3 Sequencing of the putative TR-A C02 promoter 

The results of DNA sequencing showed that a 1 750 bp insert was obtained from the original 

1 800 bp product from the L 1  library (Figure 3 . 1 .7 A) and no sequence was obtained from the 

original 1 600 bp purified product from the L2 library. Therefore, the 1 7 5 0  bp sequence was 

used for further analysis (Figure 3 . 1 . 8). 

3. 1 .2.4 Confirmation of putative TR-A C02 promoter 

sequence 

3. 1.2.4. 1. TR-A C02 sequence analysis using BLAST-n 

The alignment results from the NCBI BLAST-n database indicated that a 305 bp sequence 

was closely related to the TR-AC02 sequence isolated from white clover (Hunter et al., 1 999). 

At least 80 different ACC oxidase genes were aligned, and highly conserved first intron and 5 '  

and 3 '  splice sites can be  detected in  the TR-AC02 sequence (data not shown). Unlike 

TR-ACOI, the sequence with highest significant alignment is a cDNA sequence from 

Medicago truncatula (MF-ACCO), the next is white clover (TR-AC02), and then a cDNA 

sequence from Prunus persica (pp-AeOI) (Figure. 3 . 1 .9). A 1 87 bp sequence from the 

TR-AC02 isolated from this thesis is shown to have 89 % identity with the M truncatula 

sequence (GI 1 734271 0), while a 1 1 0  bp sequence from the database TR-AC02 (GI 4704657) 

is shown to have 96 % identity. In contrast with the reading frame, the upstream sequence 

from the putative ATG codon also show a 83 bp sequence alignment with the MF-ACCO 

sequence in the database. 
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TR -AC02 - L l  ( 1 . 7 5kb ) 

ACCAGCATCTACCAAAAGTGTTTTGTCGCGGCCATTTTCGCGGTCGCGGACTTTTATTTGAAACCTTATTACTGTC 

ATGTGATAGTGCCTTTTCATTAATGTTGTGATTCTGTCTTTTAATTTCTTTAATTAACATCAATATTGATTTATTT 

ATTTTGATAGAGATTAACATCAATGTTGATTGTTGTGATTCTG'I 1"1 I"l"IAATTTCATTAATTCGTCACTATTACTA 

TCACACTACAAAAATTTGCTCATTAGCCACGGTTATGTTTTTCIIIIIIGAAAGAATTAGCCACGGTTATGTTGAC 

TGTGTCTGAATTGTATGTTTGCCACGGTTCTAAGCGTGGCTATAATATAATGATCATATATGTGATAGTGTATTAG 

TGIIIIIICATTTTATTTCATTTATTTATTTAATATTTTGTTATTATATATGCAGTTCTTTTACATCAATTCATAT 

TTAAATTGCAAGAACATTGCTAAGGGCATTCAAACACCGTTCATGAAACTCACATAGTACTGTCTTTGCCAAAACT 

CGCATATTAAATACATATTCCTATTACGTAATAATAATTCAATATATATTATTACTACTTTAGTTTAAAAAATATT 

ATAGTCATTACTAATTTTTGAAATAAAAAATATGCATCCACTAGTCCATGGTCCTAGATCCACCATTGTATATAAG 

TATTTGTATGAATTTATGTATAAAGTATTTGGAATGAATTATTTTCTAAATTTTCTATTTTGTTAATGTTACTTTG 

TTTATCAACTATGAAATTGGAAAATTATATAACGATTTAATGTAAACGATTTAATAACAGTTGAATCAGTTCGACC 

GGTTGACTCTTGGACCAGTGACCACACCAATTCGAGTTCGGTGGTTTATACTATGTTAGAATGTGCGTCCAAAAAA 

CATTTTCGTTTGGGAAATGCGAGTTCGAGGCTCCTTCTTAAACATCATTTTCAAATGCATTTAAAAAATGTTAAAT 

AAAATAGAGAACAAATAGAGGTTGCGGCAGCCTTAGAAGTTGAATTTGGTCAAATGTTCAAGAGGAAAAACCAGCC 

ATCAAGTAGGGCCAACCCTATGCCCAGTGTTTTTGACAAATCAACCAAAAGAACCCAAAATAAACACAAGCTTCTG 

ATTAGAACTATTAATAATAAACAAAGAAAATTAAGCTGAACAAATCATACTATTAAAATATAAAATATATTCAATT 

AGATTTAAAATAATAATAAGTTGTCTATTTGGTCTTGTGATGTAAAGGTCTATAAATACAACCTTCTAAGGAACTC 

TAATATTCATCATAAAGCAAGCAACCTACAATAAACTTGGAGAAAGAAAAGCATACAAAAGAGTTCAAGTTAAGAG 

TTTGTTTGAGAGA�AGAACTTCCCAATCATCAACTTAGAAAACCTCAATGGTGAGGAGAGAAAAGCTACCAT 

GGAAAAAATCAAGGATGCTTGTGAAAACTGGGGATTCTTTGGGGTACCTAATGATCTCAATAAATAAAAGTTTTTT 

TTCTTTTCAAATAAGTTTCTACATTGGCCTCTAAATCTGTATTCATATTTGTTTGTTTTTTTTTTCTGTAGCTGGT 

GAATCATGGCATATCTCATGACTTAATGGACACTGTGGAGAGGTTGACAAAAGAACACTACAGAATATGTATGGAA 

CAAAGATTCAAGGATTTGGTGGCCAAC - 3 '  

Figure 3.1 .8 Sequence of the putative TR-AC02 promoter from the 
L 1 digestion l ibrary 

An 1 750 bp DNA sequence isolated and sequenced from the L 1 l ibrary 

( Eco RV digestion) .  The p utative ATG is boxed, and the inner nested 

reverse primer used to ampl ify the putative promoter sequence (Fig 2 . 1 .7 

A) is underl ined. 



Sequences p roduc ing s ign i fi can t a l i gnmen t s :  

Access number Gene Source Score (bits) E-value 

gi 1 1 734271 0 MT-ACCO Medicago truncatula 1 98 6e-48 

gil4704657 TR-AC02 Trifolium repens 1 88 6e-45 

gil71 08576 PP-A CO 1 Prunus persica 1 09 5e-21 

gil 1 6588827 PP-A CO 1 Prunus persica 1 07 2e-20 

gi l452670 PA01 Prunus persica 1 07 2e-20 

Af�dica60 truoca tuia l - aminocyclopropaneca rboxyl i c  ac id  oxidase mRNA, complete cds Leng t h  = 1 279 
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Score = 1 98 b i t s  ( 1 00 ) .  Expec t  = 6e - 48 .  I den t i t i e s  = 1 68 1 1 87 ( 89% ) . Gaps = 41 1 87 ( 2% ) . S t rand = Plus  / P l us 

Que r y :  162 t c a t aaagcaagcaacc t acaat aaac t t ggagaaagaaaagea taeaa- aagag t t c - - 2 1 8  

1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1  

Sbj e t :  t c a t aaagc a - gcaaec t aeaa t aaac t tggagaaagaaaagca t aeaaeaagag t t t t t  59 

Que r y :  2 1 9  aag t t aagag t t tg t t t gagaga t a tggagaae t t eeeaa t ea t caae t t agaaaae e t e  278 

1 1 1 1 1 1 1 1 1  1 1  I I I I 1 1 1 1 1 1 1  I 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Sbj e t :  60 aag t t aagaaa t t e t a t t aaaaa t a tgga t agc t t eeeaa t t a t eaae t t agaaaae c t g  1 1 9 

Que r y :  279 aatggtgaggagagaaaage t aeea t ggaaaaaa t eaagga tge t t g t gaaaae tgggga 338 

1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Sbj e t : 1 20 aa tgg t ga t gagagaaaage t ae t a tggagaaaa t eaagga t ge t t g t gaaa a e t gggga 1 79 

Que r y :  339 t t e t t tg 345 

1 1 1 1 1 1 1  

Sbj e t : 1 80 t t e t t t g 1 86 

Que ry : 450 agc t gg t gaa t e a t ggea t a t e t e a tgae t t aa t ggaeae t g tggagagg t tgacaaaag 509 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1  1 1 1 1  

Sbj e t : 1 8 7  agc tggtgaa t ea t gge a t ae e t ca tgac t t aatggacae t g t ggagagg t t aaeeaaag 246 

Que r y :  5 1 0  aaeae t aeagaa t a t g t a tggaaeaaaga t t eaagga 546 

1 1 1 1 1 1 1 1 1 1  I I 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Sbj e t :  247 aaea e t aeaggaaa tgea tggaaeaaaga t t eaagga 283 

TrifoiiUl1J r�p�ns mature green leaf l - aminocyc l opropane - I - carboxyl ate oxidase (A<D2 )  mRNA , pa r t i a l  cds 

Leng t h  = 1 1 1 4, Sco re = 1 88 b i t s  ( 95 ) .  Expe e t  = 6e -45, Iden t i t i e s  = 1 061 1 10 ( 96%), S t rand = Plus I P l u s  

Que r y :  4 5 0  age t g g t ga a t ca t ggc a t a t e t ea t gae t t a a t ggaeae t g t ggaaagg t t gacaaaag 509 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Sbj c t :  26 age t gg t ga a t c a t ggc a t a t e t ea t gae t t a a t ggacac t g tggaaagg t t gacaaaag 85 

Figure 3.1 .9 Resu lts from NeBI database BLAST-n analysis of the 

putative TR-AC02 sequence 

Query = TR-AC02 sequence isolated in this thesis 

Sbjct = MT-ACCO sequence (gi 1 1 734271 0) and TR-AC02 sequence 

(gi I4704657) in the database 



3. 1.2. 4. 2. GCG analysis of the TR-A C02 promoter sequence 
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The result of the alignment between the 3' end of the TR-AC02 promoter sequence and the 5 '  

end o f  the TR-AC02 gene sequence reveals a 1 04 bp intron located 1 03 bp downstream from 

the translation start site (ATG). Immediately downstream of the ATG, a 7 8  bp sequence 

represents novel sequence obtained upstream of that reported from the Genebank accession of 

TR-AC02 lodged by Hunter et. a1. ( 1 999) (GI 4704657) (Figure 3 . 1 . 1 0). 

3. 1 .3. 

3. 1 .3.1  

TR-AC03 promoter isolation 

Amplification of the TR-A C03 promoter using 

Genome Walker™ peR 

Five libraries were amplified using the Genome Walker™ method with nested PCR primers. 

The primers used were nested forward primers based on the commercially-available 5 '  

adaptor sequence (AP-F 1 ;  AP-F2), and reverse primers based on the known 3 � sequence of 

the TR-AC03 gene (designated GW-AC03-R 1 ;  GW-AC03-R2, Section 2 .8)(Figure 2.2). 

After two rounds of PCR, amplified products were present in three libraries. A 800 bp product 

was amplified from the Ll  (Eeo RV digested) library, 700 bp and 1 600 bp products were 

amplified from the L2 (Pvu 11 digested) library, and 1 600 bp and 3000 bp products were 

amplified from the L3 (Stu I digested) library (Figure 3 . 1 . 1 1 ). 

3.1 .3.2 Screening of the TR-AC03 promoter inserts in E.coli 

The two amplified products of the L3 l ibrary were purified, l igated into the p-GEM vector 

and transformed into E. coli strain DH-5u. After plating onto selection media, colonies were 

selected, the plasmid DNA isolated and then digested. Preliminary screening showed that 

three colonies contained putative 1 600 bp inserts from the (3000 bp) L3 library (Figure 3 . 1 . 1 2  

A) and colony # 2  was chosen for further DNA sequencing. Also, two colonies containing 



AGATTTAAAATAATAATAAGTTGTCTATTTGGTCTTGTGATGTAAAGGTCTA 

TAAATACAACCTTCTAAGGAACTCTAATATTCATCATAAAGCAAGCAACCTA 

CAATAAACTTGGAGAAAGAAAAGCATACAAAAGAGTTCAAGTTAAGAGTTTG 

TTTGAGAGATATGGAGAACTTCCCAATCATCAACTTAGAAAACCTCAATGGT 

GAGGAGAGAAAAGCTACCATGGAAAAAAT CAAGGATGCTTGTGAAAACTGGG 

GATTCTTTGgggt accta a t ga t c t caa t aaa taaaagt t t t t t t t ct t t t c  

aaa taagt t t ctaca t tggcc tctaaa t ctgta t t ca t a t t tgt t tgt t t t t  

t t t t tctgtAGCTGGTGAATCATGGCATATCTCATGACTTAATGGACACTGT 

GGAAAGGTTGACAAAAGAACACTACAGAATATGTATG��£�Q�1��g 

Figure 3.1 . 1 0  Structure of the 3 '  region of the 1 750 bp P TR-AC02 
sequence 
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The comparison between the 5' end of the TR-AC02 partial genomic 

sequence isolated in this thesis (bold) shows 1 00 % identity with TR-AC02 

(G I4704657). The upper dots represent novel sequence obtained in  this study 

(78 bp) that is not included in the Genebank sequence of the TR-AC02 

c DNA. The grey highl ighted italics lower case is the fi rst intron sequence. The 

lower dots indicate the inner nested reverse primer used to ampl ify the 

sequence. The ATG is bold and underl ined. The upstream sequence from 

ATG sequence only partially shown in  this figure. 
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Figure 3.1 . 1 1  TR-AC03 promoter isolatio n  using peR 

1 00 

PGR-generated DNA fragments, using the GW-AG03-R1  and AP-F1  primers 

for round one, and the GW-AG03-R2 and A P-F2 primers for round two, to 

ampl ify putative TR-AC03 promoter fragments. PGR products were 

separated by electrophoresis on a 0.75 % (w/v) agarose gel and visual ized 

with ethidium bromide. The relative sizes of the DNA ladder are indicated on 

the right. 

L 1 : Two rounds of PGR ampl ification from a Eeo RV digested l ibrary 

L2: Two rounds of PGR ampl ification from a Pvu I I  digested l ibrary 

L3: Two rounds of PGR ampl ification from a Stu I digested l ibrary 

L4: Two rounds of PGR ampl ification from a Sma I digested l ibrary 

L5: Two rounds of PGR ampl ification from a Nae I digested l ibrary 

L6: Two rounds of PGR amplification from a Dra I digested l ibrary 



A 

M 

B 

1 x 

1 x 

2 x 

2 x 

1 0 1  

3 x M 

1 600 bp 

3 4 5 

1 300 bp 

Figure 3.1 . 1 2 Restriction enzyme digestion screening  of p-GEM 

plasmids contain ing putative TR-AC03 promoter inserts in E. coli cel ls 

A. Screening for L3 1 ibrary (Stu I digestion) with putative 1 600 bp inserts 

8. Screening for L3 1 ibrary (Stu I digestion) with putative 1 300 bp inserts 

Products from Eco RI digests were separated on 0.8 % (w/v) agarose gel 

and visualized with ethidium bromide. The sizes of the inserts are indicated 

on the right. The numbers refer to colonies screened. X = undigested 

plasmid. M = commercially-avai lable 1 Kb plus ladder. 
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putative 1 300 bp inserts were identified from the ( 1 600 bp) L3 library (Figure 3 . 1 . 1 2  B) and 

colony # 1  was chosen for DNA sequencing. 

3 . 1 .3.3 Sequencing of the putative TR-A C03 promoters 

The results of DNA sequencing showed a 1 566 bp insert was obtained from the original 1 600 

bp purified product of the L3 library, and a 1 264 bp insert from the original 1 300 bp purified 

product. These two sequences were 85 % identical (Figure 3. 1 . 1 3  and 3 . 1 . 1 4). Since both 

were isolated from the same library (Figure 3 . 1 . 1 1  L3), but from different sized products 

using the Genome Walker™ procedure, they were both used for further experiments (and 

designated TR-AC03-J ( 1 566 bp) and TR-AC03-2 ( 1 264 bp» . 

3.1 .3.4 PCR extension of the TR-A C03 promoters 

The 1 264 bp sequence was considered to be too truncated for further study. Thus another set 

of primers (designated GW-AC032-ext R I ;  GW-AC032-ext R2 Section 2.2) were designed 

to extend the sequence using the GenomeWalker™ libraries as template. Using nested PCR, 

several smeared lower molecular weight bands were obtained from the six original l ibraries 

(F igure 3 . 1 .  1 5). Several of these bands were ligated into p-GEM vectors, transformed into E. 

coli, and colonies only obtained from the ca. 500 bp purified band isolated from L6. After 

selection, plasmid isolation and digestion, three colonies containing putative 500 bp inserts 

from L6 was obtained (Figure 3 . 1 . 1 6). One of these colonies (# 1 )  was sequenced, and a 390 

bp extension sequence was identified that extended the 5' end of the 1 264 bp TR-AC03-2 

sequence to make a 1 654 bp sequence for further analysis (Figure 3 . 1 . 1 7). 

3.1 .3.5 Confirmation of the putative TR-A C03 promoter 

sequences 
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TR -AC03 - 1  ( 1 . 5 6kbp ) 

CCTACATGTCTTAAACCTACTGTATCTTAAAATCTAAAAAGTCAATTTTTTTAGGATAAGTAGGCTTATACCCCCC 

TGTAATGTAGGCAAGTTTTGTTTTCCCCCTGTAATTTTTTTTTTGTGACTCGCCCTTTGCAATGTTGAATATTTTT 

TTTCCCAGTTCATTTTACCCCATGTAATGTTGGCCTTTACTCCCCTGCAAGGGGTAAAAATGAACTAAAAGAGAAA 

AAAATCAACATTGCAAGGGGCAAGTCAGACAAAAAAAAATTATAGGGGGAAAACCAAAACTCGCCCATATTAAGGG 

GATATTAACCTATTTACCCCATTTTTTATTAGACGGCTCACAAGTGCACTTAATCCAATTTAATACCATACAAAGG 

TACCATTAATGAGCACTTCATTTCTCACATATATTCTACAGAAGCTCAAGTCATTCCGTACAAGAAAGCATATAAG 

TAATTAAGAAACAAATGTAACATAAACCTGTCATTCTGTCCCAACTTTTCTCCAATACAAAGATGCTATAATTTTG 

GAAGTGCTGAGTTCAAAAGAAAATTATGTTGGAAGTAAATGGAGTTGTTATGTTCCTTCCTAGAAGTTACCTTTAT 

AGTATATCATATGACCCCAAAATAAATGTCACTTCACAACTCAATAACTCATAAGAGAAAAGTAAATTCCAGAATT 

GATAGATAGAGGTGGCAGCTTGTATTGTACTGTTTTGGTCAAATTTTTAAAAGGAGAAAAGAAATCAGCCACCAAG 

TGGGTCCATAACTTACACAAAGTTCACAGACAATTCAAATACGGAACCAAAATAAATCATGGCTGTGATTTGTATT 

AAAAGTAAAGATAAAACATAGACATGCAAATATTGAACAAGGATTCTTCTTTTAGTGATTGGTCCACATCATATCT 

AGGTCTATGGAATTAGATTCATGTTATAATTGCATCCTACAATTACAACTCTCAACCATTCGATCTTAAATGATGA 

TTGAGATCATTTTACTATGTGAATTGACAGTGATCTAGACCGTCCGATTTCGAATTAACAGTCGAGATTTATTAAT 

ACGTGAAACTATGTGAAAGTTGAAACGACAGGTAATCTTTGATTCCGGTCTATAAATACCATGCTGCCTAACTCCA 

ACATGCATAAATCAAAAGAGCAATAGGAAGATAGAAACTAGAAAGGGAGTTACCTTGAGTTTAAGAAAT�TG 

AACTCCCCAATTATCAGCTTGGAGAGACTCAATGGTGTGGAGAGAAAAGATACCATGGAGAAAATAAAGGATGCTT 

GTGAGAATTGGGGATTCTTTGAGGTACTTCAGGAACACAATAAAAAAACTTTTTACTACAACTTTAATTTATACAA 

TACATTTCCCTCTAAATATCTATTCATGTTAGTTGTTCATGTTACTTTCTTGGTTTAACTATTCTTATTCTTTGCT 

TTCAAAAATCTAGCTGGTGAATCATGGCATACCTCATGACCTTATGGACACATTGGAGAGATTGACCAAAGAGCAC 

TACAGGAAATGCATGGAGCAGAGGTTTAAGGAATTGGTATCAAGCA 

Figure 3.1 . 1 3  Sequence of the putative TR-AC03-1 promoter from 

the L3 digestion l ibrary 

An 1 566 bp DNA sequence isolated and sequenced from the L3 l ibrary 

(Stu I digestion). The putative ATG is boxed, and the inner nested reverse 

primer used to ampl ify the putative promoter sequence (Fig 2. 1 . 1 2  A) is 

underl ined. 
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TR -AC03 - 2  ( 1 . 2 4kbp ) 

CCTGCGTGTCTAAAAGCTATCTTAAAATCTAAACAATCAAAIIIIIIIIATTAGACGGTTCACAAGTGCACTTAAT 

CCAATTTCATATACCATACAAAGGTACCATTAATGAGCACTTCATTTCTCACATATTCTATAGAAGCTCAAGTCAT 

TCCGTACAAGAAAGCATAGTAAGTAATTTAAGAACAAATGCAACATAAATCTGTCATTCTGTCCCAACTTTTCTCC 

AATACAAAGATGCTATAATTTTGGAAGTGCCGAGTCAAAAAGAAAATTATGTTGGAAGTGCATGGGAGTTGTTTAT 

GTTCCCTCCTAGAAGTTACCTTTATATCATATGACC CCAAAATAAATGTCACAACTCAATAACTCGTAAGAGAAAA 

GTAAATTCCAGAATTGATAGATAGAGGTGGCAGTTTGTATTGTACTGTTTTGGTCAAATTTTTAAAAGGAGAAAAG 

AAATCAGCCACCAAGTGGGTCCATAACTTACACAAAGTTGATAGACAATTCAAATACGGAACCAAAATAAATCATA 

TGGCTGTGATTTGTATTAAAAGTAAAGGATAAAACATAGAACATGCAAAAATTGAACAAAGTATTCIIIIIIAGTG 

ATTGGGCCCTCATTAATATCCTAGGGGCTATGGGAACTATATTCATGTTTATAAACTGGGGTGTTCCGCGTTCATG 

TAATTACAGGCACTTCAGCTGTCTGATTCTAGAATGGACAGCTGAGATTCGTTTTATTATGTGAATTGGACGGTGA 

TCTAGACCGTTCGATTTTTGAATTAACAGTCGAGATTTATTAATACGTGAAACTATGTGAAAGTTGAAACAACAGG 

TAATCTTTGATTCCTAGGTCTATAAATACCATGCTGCCTAACTCCAACATGCATAAAGCAAAAGAGCAATAGGAAG 

ATAGAAACTAGAAAGAGAGTTACTTTGAGTTTAAGTT�T q�T1qTGAACTTCCCGATTATCAGCTTAGAGAGACTC 

AATGGTGTGGAGAGAAAAGATACCATGGCGAAAATAAAAGATGCTTGTGAAAATTGGGGATTCTTTGAGGTACTTC 

AAGAATACATAATAAAATGTTTTATGCTACAACTTTGATTTATACAATACATTTCCCTCTAAATATCTATTCATGT 

TACTTTCTTGGTTTAACGATTCTTATTGTTTGCTTTCAAAAATCCAGCTGGTGAATCATGGCATACCTCATGACCT 

TATGGACACATTGGAGAGATTGACCAAAGAGCACTACAGGAAATGCATGGAGCAGAGGTTTAAGGAATTGGTATCA 

AGCA 

Figure 3 . 1 . 1 4  Sequence of the putative TR-AC03-2 promoter from 

the L3 digestion l ibrary 

An 1 264 bp DNA sequence isolated and sequenced from the L3 l ibrary 

(Stu I digestion). The putative ATG is boxed, and the inner nested reverse 

primer used to ampl ify the putative promoter sequence (Fig 2 . 1 . 1 2  A) is 

underl ined. 



Ll L2 L3 lA L5 L6 

�500 bp 

Figure 3 . 1 . 1 5 TR-AC03-2 promoter extending isolation using peR 
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PCR-generated DNA fragments, using the GW-AC032-extR1 and AP-F1 

primers for round one, and the GW-AC032-extR2 and AP-F2 primers for 

round two, to ampl ify putative extending TR-AC03-2 promoter fragments. 

PCR products were separated by electrophoresis on a 0.75 % (w/v) agarose 

gel and visualized with ethidium bromide. The relative size of the DNA ladder 

is indicated on the right. 

L 1 :  Two rounds of peR ampl ification from a Ora I digested l ibrary 

L2: Two rounds of peR ampl ification from a Eco RI digested l ibrary 

L3: Two rounds of peR ampl ification from a Pvu I I  digested l ibrary 

L4: Two rounds of peR ampl ification from a Stu I digested l ibrary 

L5: Two rounds of peR ampl ification from a Sma I digested l ibrary 

L6: Two rounds of peR ampl ification from a Nae I digested l ibrary 
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1 x 2 x 3 x � 4 x 5 x 6 x 7 

500 bp 

Figure 3.1 . 1 6  Restriction enzyme digestion screening of p-GEM 

plasmids contain ing putative TR-AC03-2 extension promoter inserts in  

E. coli cel ls 

Screening of the L6 l ibrary (Nae I digestion) for putative 500 bp inserts. 

Products from the Eeo R I  digested were separated on 0.8 % (w/v) agarose 

gel and visualized with ethidium bromide. The size of the inserts are 

indicated on the left. The numbers refer to colonies screened. X = 

undigested plasmid. M = commercially-avai lable 1 Kb plus ladder. 
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TR -AC03 - 2 - EXT ( 1 . 2 4 + 0 . 4kbp ) 

AAACTGATCCCACTAACCCACAAAAATTGAGTTAAAAATAGGGGAAAATAATACGACTCACTATAGGGCACGCGTG 

GTCGATGACCCGGGCTGGTAAATTCTCTCAAAGCGTTAACCATGTCTGGTATGCCTTTTTCTGTTGTTTTTTTATT 

TTTACCAGCCCTACGACTCACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGTAAACATAAACGAATTGATTAA 

ACAGAAATTGTTTTCAATCTGTTTAAACGACTCACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGTAAACATA 

AACGAATTGATTAAACAGAAATTGTTTTCAATCTGTTTAAACGACTCACTATAAGGCACGCGTGGTCGACCGCCCG 

GGCTGGTc c tgcgtgtc taaaagctatcttaaaatctaaacaatcaaat t t t t tttatta§acggttcacaagtgg 
lact taatccaat t t9ATATACCATACAAAGGTACCATTAATGAGCACTTCATTTcTCAcATATTcTATAGAAGCTC 

AAGTCATTCCGTACAAGAAAGCATAGTAAGTAATTTAAGAACAAATGCAACATAAATCTGTCATTCTGTCCCAACT 

TTTCTCCAATACAAAGATGCTATAATTTTGGAAGTGCCGAGTCAAAAAGAAAATTATGTTGGAAGTGCATGGGAGT 

TGTTTATGTTCCCTCCTAGAAGTTACCTTTATATCATATGACCCCAAAATAAATGTCACAACTCAATAACTCGTAA 

GAGAAAAGTAAATTCCAGAATTGATAGATAGAGGTGGCAGTTTGTATTGTACTGTTTTGGTCAAATTTTTAAAAGG 

AGAAAAGAAATCAGCCACCAAGTGGGTCCATAACTTACACAAAGTTGATAGACAATTCAAATAC GGAACCAAAATA 

AATCATATGGCTGTGATTTGTATTAAAAGTAAAGGATAAAACATAGAACATGCAAAAATTGAACAAAGTATTCTTT 

TTTAGTGATTGGGCCCTCATTAATATCCTAGGGGCTATGGGAACTATATTCATGTTTATAAACTGGGGTGTTCCGC 

GTTCATGTAATTACAGGCACTTCAGCTGTCTGATTCTAGAATGGACAGCTGAGATTCGTTTTATTATGTGAATTGG 

ACGGTGATCTAGACCGTTCGATTTTTGAATTAACAGTCGAGATTTATTAATACGTGAAACTATGTGAAAGTTGAAA 

CAACAGGTAATCTTTGATTCCTAGGTCTATAAATACCATGCTGCCTAACTCCAACATGCATAAAGCAAAAGAGCAA 

TAGGAAGATAGAAACTAGAAAGAGAGTTACTTTGAGTTTAAGTTATqATgAT�AACTTCCCGATTATCAGCTTAGA 

GAGACTCAATGGTGTGGAGAGAAAAGATACCATGGCGAAAATAAAAGATGCTTGTGAAAATTGGGGATTCTTTGAG 

GTACTTCAAGAATACATAATAAAATGTTTTATGCTACAACTTTGATTTATACAATACATTTCCCTCTAAATATCTA 

TTCATGTTACTTTCTTGGTTTAACGATTCTTATTGTTTGCTTTCAAAAATCCAGCTGGTGAATCATGGCATACCTC 

ATGACCTTATGGACACATTGGAGAGATTGACCAAAGAGCACTACAGGAAATGCATGGAGCAGAGGTTTAAGGAATT 

GGTATCAAGCA 

Figure 3.1 . 1 7  Sequence of the putative TR-AC03-2 extension from 

the L6 digestion l ibrary 

A 471 bp DNA sequence isolated and sequenced from the L6 l ibrary (Not 

I digestion ) .  The 3' end of the overlapping sequence is h ighl ighted in 

lower case. The extended sequence is underl ined , and the inner nested 

reverse primer used to ampl ify the putative promoter sequence is boxed. 

The remaining sequence is the original isolated TR-AC03-2 sequence. 
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3. 1.3. 5. 1. TR-A C03-1 and TR-AC03-2 sequence analysis using 

BLAST-n 

The alignment indicated that a 355  bp sequence from both TR-AC03-J and TR-AC03-2 was 

most closely related to TR-AC03 from white clover. At least 1 05 different ACC oxidase genes 

were aligned, and a highly conserved first intron and 5' and 3' splice sites were also present in 

the TR-AC03-J and TR-AC03-2 sequences (data not shown). Excluding the white clover 

TR-AC03 sequence isolated by Hunter et al ( 1 999), the second most identical sequence to 

both TR-AC03-J and TR-AC03-2 was as cDNA, MT-ACCO from M truncatula, and then the 

third from Phaseolus lunatus (PL-ACOJ) (Figure 3 . 1 . 1 8). A 1 1 1  bp and a 1 7  bp sequence that 

are identical in both TR-AC03-J  and TR-AC03-2 sequences is shown aligned to TR-AC03 

from database (GI 4704659) and M truncatula (GI 1 7342710). The upstream sequence from 

the putative ATG does not show any identity with other sequence in the database. 

3. 1.3. 5.2. GCG analysis of the TR-A C03-J (1566 bp) and the 

TR-A C03-2 (1654 bp) promoter sequences 

The result of the alignment between the 3 '  end of the TR-AC03-J and TR-AC03-2 promoter 

sequences and the 5 '  end of the TR-AC03 gene sequence, reveals a 1 42 bp intron in 

TR-AC03-J and a 1 3 1  bp intron in TR-AC03-2, both located 1 05 bp downstream from the 

putative translation site (ATG). Immediately downstream of the ATG, a 84 bp sequence 

represents novel sequence obtained upstream of that reported from the Genebank sequence 

accession TR-AC03 lodged by Hunter et. a1. ( 1 999) (Figure 3. 1 . 1 9). A comparison of 

TR-AC03 with the TR-AC03-J and TR-AC03-2 sequences reveals 94 % identity over the 

exon 1 sequences ( 1 05 bp), and 94 % identity over the 84 bp novel sequence. 

In both TR-AC03-J and TR-AC03-2, one of three consecutive ATG co dons may represent the 
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Sequence s p roduc ing s i gn i fi cant a l i gnmen t s :  

Access number Gene Source Score (bits) E-value 

gil4704659 TR-AC03 Trifolium repens 220 2e-54 

gil1 7342710 MT-ACCO Medicago truncatula 1 1 1  1 e-21 

gi l 18157332 PL-AC01 Phaseolus lunatus 109 5e-21 

gil3037046 PV-AC01 Phaseolus vulgaris 96 7e- 1 7  

gil9857251 PA01 Diospyros kaki 92 1 e- 1 5  

TrifoliUJ1J r�p�ns senescent l eaf l -aminocycl opropane- l - ca rboxy l a t eoxidase (Am3 ) mRNA ,  pa r t i a l cds 

Leng t h  = 1 1 64, Score = 220 b i t s  ( l l l ) ,  Expe c t  = 2e - 54, I den t i t i e s  = 1 1 1 1 1 1 1  ( lOO% ) , S t rand = P l us I Plus 

Que r y :  468 agc t g g t ga a t c a t ggca t acc t ca tgacc t t a tggacac a t tggagaga t t gaccaaag 527 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Sbj c t :  26 agc t gg t ga a t c a t ggca t acc t c a tgacc t t a tggacaca t tggagaga t tgaccaaag 85 

Que ry : 5 28 agc a c t acaggaaa tgca tggagcagagg t t t aaggaa t t gg t a t c aagca 578 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Sbj c t : 86 agc a c t acaggaaa t gca tggagcagagg t t t aaggaa t t ggt a t caagca 1 36 

Score = 37 . 1  b i t s  ( l 8 ) ,  Expe c t  = 3 . 6 , Ident i t i e s  = 1 8 1 1 8  ( 100% ) ,  S t rand = P l us I P l us 

Que r y :  3 1 0  a a t t gggga t t c t t tgag 327 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Sbj c t :  1 0  aa t t gggga t t c t t t gag 27 

Af�dicazo trunca tula l - aminocycIopropanecarboxy l i c acid oxidase mRNA , comp lete cds 

Leng t h  = 1 279, Score = I I I  b i  ts ( 56 ) , Expec t = l e - 2 1 .  I den t i  t i e s  = 891 1 00 ( 89% ) ,  S t rand = P l us I P l u s  

Que ry : 468 agc t gg t gaa t c a t ggca tacc t ca tgacc t t a tggacac a t t ggagaga t t gaccaaag 527 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1  1 1  1 1 1 1 1 1 1  

Sbj c t :  1 87 agc t gg t gaa t c a t ggca tacc tca tgac t t aa tggacac t g tggagagg t t aaccaaag 246 

Que r y :  528 agc a c t acaggaaa tgca tggagcagagg t t t aaggaa t t  567 

I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1  1 1  1 1  1 1 1 1 1 1 1 1  

Sbj c t :  247 aaca c t acaggaaa t gca tggaacaaaga t t c aaggaa t t  286 

Figure 3.1 . 1 8  Results from NeBI database BLAST-n analysis of the 

putative TR-AC03-1 and TR-AC03-2 sequences 

Query = TR-AC03- 1 and TR-AC03-2 sequences isolated in  this thesis 

Sbjct = TR-AC03 sequence (gi I4704659) and MT-ACCO sequence 

(gi 1 1 734271 0) in the database 
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TR-AC03-1 

ACATGCATAAATCAAAAGAGCAATAGGAAGATAGAAACTAGAAAGGGAGTTACCTTGAGTTTA 

AGAAATGATGATGAACTCCCCAATTATCAGCTTGGAGAGACTCAATGGTGTGGAGAGAAAAGA 

TACCATGGAGAAAATAAAGGATGCTTGTGAGAATTGGGGATTCTTTGAGGTA CTTCAGGAAC� 

CAATAAAAAAACTTTTTACTA CAACTTTAATTTATACAATACA TTTCCCTCTAAA TA TCTA TT 

CATGTTAGTTGTTCATGTTA CTTTCTTGGTTTAACTA TTCTTATTCTTTGCTTTCAAAAATCT 

AGCTGGTGAATCATGGCATACCTCATGACCTTATGGACACATT GGAGAGATTGACCAAAGAGC 

TR-AC03-2 

TAGGAAGATAGAAACTAGAAAGAGAGTTACTTTGAGTTTAAGTTATGATGATGAACTTCCCGA 

TTATCAGCTTAGAGAGACTCAATGGTGTGGAGAGAAAAGATACCATGGCGAAAATAAAAGATG 

CTTGTGAAAATTGGGGATTCTTTGAGGTACTTCAAGAATACATAATAAAATGTTTTATGCTAC 

AACTTTGATTTATACAATA CATTTCCCTCTAAATATCTATTCA TGTTACTTTCTTGGTTTAAC 

GATTCTTATTGTTTGCTTTCAAAAATCCAGCTGGTGAATCATGGCATACCTCATGACCTTATG 

GACACATTGGAGAGATTGACCAAAGAGCACTACAGGAAATGCATGGhQ�g,��h!!��.� 

Figure 3.1 . 1 9 Structure of the 3 '  region of the TR-AC03-1 and the 

TR-AC03-2 sequences 

The comparison between the 5 '  end of the TR-AC03- 1 and TR-AC03-2 

partial genomic sequence isolated in  this thesis (bold) both show 1 00 % 

identity with TR-AC03 (GI4704659).  The upper dots represent novel 

sequence obtained in this study (84 bp) that is not included in the Genebank 

sequence of the TR-AC03 cDNA. The grey highl ighted italics upper case is 

the fi rst i ntron sequence. The lower dots indicate the inner nested reverse 

primer used to amplify the sequence .  The three possible ATGs are bold and 

u nderl ined. The upstream sequence from ATG sequence only partial shown 

i n  this figure. 
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translation start. Alignment of AeO genes from other species suggests that the second ATG 

is the translation start since this puts a proline residue at amino acid position 5 .  This proline at 

position 5 is conserved in many ACO genes that have b een sequenced (Figure 3 . 1 .20). F urther, 

downstream of the second ATG, both TR-AC03 sequences align with a cDNA of the P 

lunatus, P vulgaris and M truncatula sequences. Finally, designation of the middle ATG as 

the translation start is also supported by alignment in which the 5' and 3 '  splice sites for intron 

1 that are also conserved over other ACO sequences (Figure 3 . 1 .20). 

3.1 .4. 

analysis 

Confirmation of promoter sequences using Southern 

Using each promoter sequence as a probe, Southern analysis revealed that pTR-ACOI, 

pTR-AC02, pTR-AC03-1 and pTR-AC03-2 all hybridized to one or more DNA fragments 

from the digested genome of white clover, and that the size of these fragments differed. 

For pTR-ACOI, the promoter probe hybridized to two fragments of different sizes (2.5 kb and 

4.2 kb) in the Eco RI digestion. In the Barn HI digestion, the probe hybridized to two 

fragments of 1 kb and 3 . 5  kb, while in the Hind I I I  digestion, the promoter hybridized to one 

big mass of 9.5 kb. For pTR-AC02, the promoter probe hybridized to two fragments of 

different size (5 kb and 4 kb) in the Eco RI digestion. In the Xba I digestion, the probe 

hybridized to two fragments of 6 kb and 1 0  kb, while in the Barn HI digestion, the promoter 

hybridized to two fragments of 4.5 kb and 9.5 kb. For p TR-A C03-1, the promoter hybridized 

to a single fragment of 6.5 kb in the Eco RI digestion. In the Hind I I I  digestion, the probe 

hybridized to one fragment of 1 0  kb, while in the Barn HI digestion, the promoter hybridized 

to one band of 7 .5  kb. For pTR-AC03-2, the promoter probe hybridized to only one fragment 

of 3 .5  kb in the Eco R1 digestion. In the Hind III  digestion, the probe hybridized to one 

fragment of 4 kb, while in the Barn HI digestion, the promoter hybridized to a single fragment 

of 3 kb. 



45 1 
TR-AaJ3-2 GAAAGAGAGT TACTTTGAGT 
TR-AaJ3- J GAAAGGGAGT TACTTTGAGT 
PL-AaJJ · . . .  acgag . t . .  t t t gagt 
PV-AaJJ · . . .  acgag . t . .  g t t gagt 
MT-ACCO t . .  t t t aag t 

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  
t aagaaa t t c  

. . 

500 

TR-AaJ3-2 TT ATCAGCTTAG AGAGACTCAA TGGTGTGGAG AGAAAAGATA 
TR-AaJ3- J TT ATCAGCITGG AGAGACfCAA TGGTGTGGAG AGAAAAGATA 
PL -AaJJ c t t c c c  g t g  a t caac t t t g agaggc t caa t gg t gaggag agaaaagaca 
PV-AaJJ c t t  c c  g t g  a t caac t t t g agaagc t caa tgg t gaggag agaaaagaca 
MT-ACCO c t t cc c  a t t a t caac t t ag aaaacc t gaa t gg t ga t gag agaaaagc t a  

55 1  600 
TR-AaJ3-2 CCATGGCGAA AATAAAAGAT GC-------- ---------- ----------
TR-AaJ3- J CCATGGAGAA AATAAAGGAT GCTTGTGAGA ATTGGGGGTT GGTA 
PL -AaJJ 
PV-AaJJ 
MT-ACCO 

TR-AaJ3-2 
TR-AaJ3- J 
PL-AaJJ 
PV-AaJJ 
MT-ACCO 

TR-AaJ3-2 
TR-AaJ3- J 
PL-ACrJl 
PV-AaJJ 
MT-ACCO 

TR-AaJ3-2 
TR-AaJ3- J 
PL -AaJJ 
PV-AaJJ 
MT-ACCO 

ccat ggagaa aat aaaaga t gc t t g t gaaa ac t ggggat t c t t  
t ca t ggagaa aat aaaaga t gc t t g t gaaa ac t gggga t t c t t 
c t a t ggagaa aa t c aagga t gc t t g t gaaa ac t gggga t t c t t  
60 1 650 

mCAGGAAC ACAATAAAAA AACI I I I INC TACAACTNTA ATTTATACAA 

651  700 

TACATITCCC TCTAAATATC TATTCATGTT AGTTGTTCAN GTTACTTTCT 

701 750 

���� ����� �� �:1' �:���� 
· . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . .  t t gg t gga t . 
· . . . . . . .  . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . .  c t gg t gaa t . 

Figure 3.1 .20 The 5' end coding sequence al ignment of the TR-AC03-1 and the 

TR-AC03-2 with selected other species 

The putative translation start site is located at 493-495 bp. The three ATGs are 

highl ighted at 490-497 bp in the TR-AC03- 1 and TR-AC03-2 sequences. The ATG 

codon in  the other species is highl ighted. The 5' excision site of intron 1 is highl ighted 

at 594/595 bp and the 3' excision site at 739-740 bp. The boxed and shaded grey 

codon at 505-507 bp codes for prol i ne at position 5 of the ACC oxidase protein  

1 1 2  
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Southern analysis using the 3' UTR specific probe from the TR-AC03 gene identified by 

Hunter et al ( 1 999) revealed that the probe hybridized to fragments of 3 . 5  kb and 6 kb in the 

Eco RI digestion, a 7 .5  kb fragment in the Hind III  digestion, and a 6.5 kb fragment in the 

Barn ID digestion (Figure 3 . 1 .2 1 ). 

3 . 1 .5. Genomic sequence isolation to characterise the TR-A CO 

gene family 

To further characterize each TR-ACO gene, genomic DNA was used as template for peR. The 

forward primers (designated TR I -genome-F; TR2-genome-F etc.) were based on the first 

intron sequence of each TR-ACO gene, and the reverse primer (designated TR 1 -genome-R; 

TR2-genome-R etc.) was located to the 3 '  end of each TR-ACO coding sequence. 

3.1 .5.1 Isolation of the TR-A COl genomic sequence 

After peR amplification using TR1 -genome-F and TR 1 -genome-R as primers, a product of 

1 650  bp was obtained (Figure 3 . 1 .22-A). After sequencing and comparison with the already 

known exon- l and intron- l sequences identified by the GenomeWalker™ method, the 

analysis indicated that the TR-ACOl gene contains four exons and three introns. Exon- l 

comprises 1 05 bp, exon-2 comprises 225 bp, exon-3 comprises 3 3 5  bp, and exon-4 comprises 

289 bp. Intron- l comprises 197 bp, intron-2 comprises 49 1 bp, and intron-3 comprises 583 bp 

long (Figure 3 . 1 .  23). 

3.1 .5.2 Isolation of the TR-A C02 genomic sequence 

After peR amplification using TR2-genome-F and TR2-genome-R as primers, a product of 

1 1 50  bp was obtained (Figure 3 . 1 .22-B). After sequencing and comparison with the TR-AC02 

coding sequence, the analysis indicated that the TR-AC02 gene contains four exons and three 

introns. Exon- l comprises 1 03 bp, exon-2 comprises 230 bp, exon-3 comprises 33 1 bp, and 

exon-4 comprises 277 bp. Intron- l comprises 1 04 bp, intron-2 comprises 5 1 4 bp, and intron-3 
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Figure 3 . 1 .21 Southern blot analysis of TR-ACO genes 

TR-AC0 1:  Membrane probed with a-32P-dCTP labeled TR-AC0 1 promoter probe 

TR-AC02. Membrane probed with a-32P-dCTP labeled TR-AC02 promoter probe 

TR-AC03- 1 :  Membrane probed with a-32P-dCTP labeled TR-AC03- 1 promoter probe 

TR-AC03-2. Membrane probed with a-32P-dCTP labeled TR-AC03-2 promoter probe 

TR-AC03-3UTR: Membrane probed with a-32P-dATP labeled 3'UTR of TR-AC03 

(Hunter et al . 1 999) 

Membranes were washed at high stringency (0. 1 X SSPE,  0. 1 % SDS at 65°C) to 

remove non-specific binding. E = DNA digested with Eeo RI ,  H = DNA digested with 

Hind I l l ,  B = DNA digested with Barn H I ,  X = DNA digested with Xba I .  Molecular 

weight markers (kb) are indicated on both sides .  
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TR-ACOJ TR-AC02 TR-AC03-J TR-AC03-2 

A B c D 

Figure 3 . 1 .22 TR-ACO genomic sequence isolation using peR 

A. PGR-generated putative TR-AC0 1  DNA fragments, using the TR1 -genome-F 

and TR1 -genome-R primers 

B . PGR-generated putative TR-AC02 DNA fragments ,  using the TR2-genome-F 

and TR2-genome-R primers 

C.  PGR-generated putative TR-AC03- 1 DNA fragments, using the TR31 -genome-F 

and TR31 -genome-R primers 

D. PGR-generated putative TR-AC03-2 DNA fragments, using the TR32-genome-F 

and TR32-genome-R primers 

peR products were separated by electrophoresis on a 0.75 % (w/v) agarose gel 

and visual ized with ethidium bromide. The relative sizes are calculated from the 

DNA ladder  and are indicated on the left. 
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5'··ATGGAAAACTTTCCAATTGTTGACATGGGGAAGCTTAACACAGAAGAGAGAAAATCAACCAT 

GGAGAAGATCAAAGATGCTTGTGAGAACTGGGGTTTCTTTGAGGTA CAAACTCTITATATATATAAAAA 

TITCTTATGTITGGACTAACAATATCTTTAACAGAATCACAGTGTCTCATCGTA ATTTTGACAAAATATCACTTCAG 

AGTITAACAGAATCACAGTGTCTCATCGTAATTTTGTCAAACTTATTGTGATTTTAAGGCTITCTAATA TTATTCTT 

TGTATTGTTTTGTGAAGTTGGTGAACCATGGAATATCTATTGAGATGATGGACAAAGTGGAGAAGCT 

CACAAAAGATCACTACAAGAA GTGTATGGAACAAAGGATCAAAGAAATGGTTTCAAGCAAAGGT 

TTGGAGTGTGTTCAGTCAGAAATAAATGACTTAGATTGGGAAAGCACTTTCTTTTTGCGCCATCT 

TCCATTTTCTAATATTTCAGAGATCCCAGATCTTGATGATGATTACAGGGCACTGllllllllAATCTIT 

GCTAAAATATATATITAGGTTTACACCGTCAATCGATTATAACTGCTTCTGAAGTCACACATATGCAGTGGCGGA 

GCTAGAAAATITATATAGCTTGGGTAAAATATCAGTTTTAAACAAAAATATCAGTTTTGCA CCGAAAAATITCAATT 

TTGAACCAAAAAATCACAGTTTTGCCATAAACTAACCCCTAAAAATCTAAATITTTTCCTAAACTAACCCCTAAAAT 

ACCAAAAAAAATATTA TTGGATCCCA GGCAAGTGTCCGGACTCGCCGGGCTATAGATCCGTCATGCACATATGA 

TTGACTGTGATITGTTAACTGTGTAAAATATTTTATGCTGATAGTGTGTATCATAATTAAACTCGTATATCTTGTGC 

ATITATGTTTATATATAGTTTTGGAAGAACTAGAAGCTAGCTAGCTCTGTTTCTAACAGAGAAAAAACAAAACATTT 

TGTATITTITAGGAAGATAATGAAGGAATTTGCACAAAAATTAGAGAATCTGGCTGAGGAACTTCTT 

GACTTATTATGTGAGAATCTTGGGCTTGAAAAAGGGTATTTGAAGAAGGTGTTTTATGGTTCAAA 

GGGTCCAAACTTTGGTACAAAAGTTAGTAACTATCCTCCTTGTCCTAAGCCTGACCTTATTAAGG 

GACTTAGAGCCCATACAGATGCTGGTGGCATCATCCTTCTCTTCCAAGATGACAAAGTCAGTGGA 

CTTCAGCTCCTCAAAGATGACCAATGGATTGATGTCCCTCCAATGC GTCACTCTATTGTCATCAA 

CCTTGGTGATCAACTTGAGGTAACAATATATTTTATATATGATTTTAGGTA TTCACGAAGTCATTATATCAGTAA 

CTGTTGAATCGAGATAAAAAGGTCTGAAATITATATAAGAATTCGGGTTGTGGAGTAACTGATTGCACGTATTCA 

CGTAGTCAATATATCAGTAATTGTTGGATCGAGATAAAACAGTITGAAATTTAAGCTTAGTATTTTAAAATTTTCTT 

AAAAATCAAAACATGTAGTAAAATCTCGACCGTITGATCTCGGTCCAACAATCATCTATATGTGTTGGTTGCGTA 

AATGCATGTAATATGTGACCACAGAAAAATCTAAATCTAAATTCATTATATTTATGTTCATATGGTTTTTAATTACCC 

GCAGATCCTITAATATTATTGAGAATCATCGTCAAATA CAACTTAGGTAGATTATITCGAGGTAGCA CAAATTTTT 

CTGAAAAATGGGCATGTGACATITTTTACTATATAAGTCATGTTCATATGTACAAAAAATGTTCCAATCAAAGTGA 

CACTAAAAGTAACATAATGAGTTTCTCCTITAATITAATTCAATITGTTACGTTGTATGTTCCAAACAGAGTCATA 

ACAAATGGGAAGTACAAGAGTGTGATGCATAGAGTAATTGCTCAAACAGATGGTGCTAGAATGTC 

TTTAGCTTCATTCTATAATCCAAGTGATGATGCTATCATTTCACCAGCACCAACTTTATTGAAGGA 

AAATGAAACAACAAGTGAAATTTATCCAAAATTTGTGTTTGATGATTACATGAAACTCTATATGGG 

ATTAAAGTTTCAAGCTAAAGAGCCTAGATTTGAAGCTATGATGAAAGCAATGTCAAGTGTTGATG 

TGGGACCAGTAGTAAGCATA-3 ' 

Figure 3.1 .23 Structure of TR-AC01 genomic sequence (2225 bp) 

The grey highl ighted and bold upper case represent the exon sequences. 

The italics and underlined upper case represent the intron sequences. 
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s ' - -ATGGAGAACTTCCCAATCATCAACTTAGAAAACCTCAATGGTGAGGAGAGAAAAGCTACC 

ATGGAAAAAATCAAGGATGCTTGTGAAAACTGGGGATTCTTTGGGGTACCTAATGATCTCAAT 

AAATAAAAGTTTTTTTTCTTTTCAAATAAGTTTCTA CATTGGCCTCTAAATCTGTATTCATAT 

TTGTTTGTTTTTTTTTTCTG�GCTGGTGAATCATGGCATATCTCATGACTTAATGGACACTG 

TGGAGAGGTTGACAAAAGAACACTACAGAATATGTATGGAACAAAGATTCAAGGATTTGGTGG 

CCAACAAAGGACTAGAGGCTGTTCAAACTGAGGTCAAAGACATGGACTGGGAGAGTACCTTCC 

ACTTGCGTCACCTACCTGAGTCAAACATTTCAGAGGTCCCTGATCTCACTGATGAATACAGGT 

TA CA CAA CA TA TCTAA CA TTTA CA TTGCCTACCA TA TAAG TTA TCACTCTTA TCA CA CA CAAA 

TAATTTGTTCAATTTGCAAAACAAAAAGGTCACATA TTTCCTTTTAATTTTAAACATTGTTCC 

A TTCATTTTTTAGCGTCCTTCTTTCTTTCTCCCTATTACTTTA TAATATTATTATCTACATAA 

CACCAAAAGAAGA TTTTAATACCAACATTACA TTACTCCGGAAGAAATTCTACTCTCATAACA 

TTTTTAAATAAATTCTCATGTATTATTCTTA TAATAAAAAAACATTGTTAGAAAAAGCTACTC 

TACTAATAGTGGATAAGTAACCCGATCTTGTGTTGCGTGAGTGTGGGGCATCCGAAAAACCAA 

CTAGCATCTCCCA TCTATTACCTGGGATAGAGAGAGTGATGATCTCAAAAA TAGGAGATAAAA 

CAATCAATTTCAGAAACTATAAATTTCAGTTTCGTA TGAGATTCTTAATTATACAAGATAATG 

ATGCACGGAAAAGCAATGAAGGAATTTGCTTTGAAGCTAGAGAAACTAGCAGAGGAGCTGCTA 

GACTTATTATGTGAGAATCTTGGACTAGAAAAGGGATACCTCAAAAAAGCCTTTTATGGATCA 

AAGGGACCAACTTTTGGCACCAAGGTTGCAAACTACCCTCCATGCCCAAAACCAGACCTTGTA 

AAAGGTCTCCGAGCACACACCGATGCCGGTGGAATAATCCTCCTTTTCCAAGATGACAAAGTC 

AGTGGCCTTCAGCTTCTCAAAGATGGTAAATGGGTAGATGTTCCTCCCATGCATCATTCCATT 

GTCATCAACCTTGGTGACCAACTCGAAGTATAAAAAAATTATTCCTTCTAAATTCATATTGAC 

A TTTTCACAAACATGTAAAATGCAAAAAAACCTGATTCATGAAAAACATTATCTTTGTTTA TC 

AGGTAATAACAAATGGTAAGTACAAGAGTGTGGAACATCGTGTGATAGCACAAAGTGATGGAA 

CAAGAATGTCCATAGCTTCATTCTACAATCCTGGTAGTGATGCTGTTATCTATCCAGCAACAA 

CATTGATTGAAGAGAATAATGAAGTTTACCCAAAATTTGTTTTTGAAGATTACATGAATCTTT 

ATGCTGGATTAAAGTTTCAAGCTAAAGAACCAAGATTTGAAGCATTTAAGGAATCATCAAATG 

TTAAACTTGGTCCAATTGCAACAGT-3 ' 

Figure 3.1 .24 Structure of TR-AC02 genomic sequence (1 660 bp) 

The grey highl ighted and bold upper case represent the exon sequences. 

The italics and underl ined upper case represent the intron sequences. 
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comprises 1 0 1  bp long (Figure 3 . 1 .  24). 

3.1.5.3 Isolation of the TR-A C03-1 genomic sequence 

After PCR amplification, using TR3 1 -genome-F and TR3 1 -genome-R as primers a product of 

1 500 bp was obtained (Figure 3 . 1 .22-C). After sequencing and comparison with the 

TR-AC03-J coding sequence, the analysis indicated that the TR-AC03-J gene contains four 

exons and three introns in its gene structure. Exon- 1 comprises 1 05 bp, exon-2 comprises 224 

bp, exon-3 comprises 334 bp, and exon-4 comprises 254 bp. Intron- 1 comprises 1 42 bp, 

intron-2 comprises 259 bp, and intron-3 comprises 354 bp long (Figure 3 . 1 .  25). 

3.1 .5.4 Isolation of the TR-A C03-2 genomic sequence 

After PCR amplification using TR32-genome-F and TR32-genome-R as primers, a product of 

1 550  bp was obtained (Figure 3 . 1 .22-D). After sequencing and comparison with the 

TR-AC03-2 coding sequence, the analysis indicated that the TR-AC03-2 gene contains four 

exons and three introns in its gene structure. Exon- 1 comprises 1 05 bp, exon-2 comprises 224 

bp, exon-3 comprises 334 bp, and exon-4 comprises 254 bp. Intron- l comprises 1 3 1  bp, 

intron-2 comprises 273 bp, and intron-3 comprises 3 54 bp long (Figure 3 . 1 .  26). 

Since the exon sequences of TR-AC03-2 are identical to those deposited in the Genebank 

accession as TR-AC03 (Hunter et. al. 1 999) (data not shown), and to draw a distinction 

between TR-AC03-J and TR-AC03-2, TR-AC03-2 is renamed TR-AC03 and TR-AC03-J is 

renamed TR-AC04. The evidence that these represent distinct genes is evaluated in the 

Discussion section. 

3.1 .6. Comparison of the genome structure and identity of the 

TR-A CO gene family 

The genome structures of each TR-ACO gene is summarized as Figure 3 . 1 .27, and the 

identities of the four TR-ACO genes are compared over the whole genomic sequence and for 



1 1 9 

5 ' - -ATGATGATGAACTCCCCAATTATCAGCTTGGAGAGACTCAATGGTGTGGAGAGAAAAGATA 

CCATGGAGAAAATAAAGGATGCTTGTGAGAATTGGGGATTCTTTGAGGTACTTCAGGAACACAAT 

AAAAAAACTTTTTACTACAACTTTAATTTA TACAATACATTTCCCTCTAAATATCTA TTCATGTT 

AGTTGTTCATGTTACTTTCTTGGTTTAACTA TTCTTATTCTTTGCTTTCAAAAATCTAGCTGGTG 

AATCATGGCATACCTCATGACCTTATGGACACATTGGAGAGATTGACCAAAGAGCACTACAGGAA 

ATGCATGGAGCAGAGGTTTAAGGAATTGGTATCAAGCAAAGGCTTAGATGCTGTCCAAACTGAGG 

TCAAAGATATGGATTGGGAAAGTACCTTCCATGTTCGACATCTTCCTGAATCAAACATTTCAGAG 

CTCCCTGATCTCAGTGATGAATACAGGTTACACAAAACAAACATTA TGATATCACAACACTGCAT 

AACATATATAATATTTAGCACAAAACAAAAATTAATTAACCCAAAATTTCCCCCACCATTTTGGT 

TGCA TGAA TGGA TA TAAAGAGAGGTTCCA TA CAAA TA GGA TAAGAAGTTAAGTTTGAGCATATTT 

CTTTTCCTAA TTTAATAATGGAAATTTCGCCTTTTCTTTTTTTTTTTGCTTTGACATGACA TTTC 

TTATCTTAAGGATAATATAAGA�GGAAGGTGATGAAGGAATTTTCTGTTAGGGAAGAGAACCTA 

ACAGATTAGCTTTTGGACTTGTTATGAGAGAATCTTGGACTTGAAAAAGGTTACCTCGGAAAGGC 

CTTCTATGGATCAAGAGGACCTACTTTCGGCACCAAGGTACCCCACTACCCTCCATGCCCTAATC 

CTGAGGTGGGGAAGGGTCTCCCCGCTCACACCGATTCCGGTGGGATCTTCCTTCTCTTCCAAGAA 

GACAAAGGCAGCGGCCTTCATCTACTCAGAGACGACGAGCGGATCGCTCCTCCCCCAATGCTTCA 

CTCCTTTGAAGTCAACCTTCGTGATCAGCTCGAGGTAAATTAATTTTCA TTCCAATCTTCACCTT 

GAGTAAAAAA TTTCTCAATACCCTAATATTGAAAGAACCCCAACCTTAAGTCATGAATTTCCTTT 

TCTTGTGTTCCTTTACCCCTTAAAAGGGGATAAAGGTTTAGGGTTCTTTTGAACCTTGTGCCCCA 

ATTTAAGTTCCACCTTGTGCCAAGGGTTCCATAA CCAAAAATTATTAAGGGGACCAAAATTTTAA 

GTCCTTAATCCCCCAATTATTTTAAGGTTA TATA TGAAAATGA TAGGAACTATTTTACATAGACA 

TTTTCACAAACAAGTTATGTGCAAAAATCATGAAACTTTATTAACACTTTTTGATAAAAA�GGT 

AATAACAAATGGTAAATATAAGAGTGTGGAGCACCGTGTGATAGCACAAACAAATGGAACAAGAA 

TGTCTATAGCATCATTCTACAACCCTGGAAGTGATGCTGTAATCTACCCTGCTCCAGAATTGTTG 

GAAAAAGAAACAGAGGAAAAAACCAATGTGTATCCTAAATTTGTGTTTGAAGAGTACATGAAGAT 

CTATGCTGCTTTGAAATTTCAAGCTAAGGAACCAAGATTTGAAGCACTGAAAGCA-3 ' 

Figure 3 .1 .25 Structure of TR-AC03-1 genomic sequence (1 676 bp) 

The grey highl ighted and bold upper case represent the exon sequences. 

The italics and underlined upper case represent the intron sequences . 
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5 ' - -ATGATGATGAACTTCCCGATTATCAGCTTAGAGAGACTCAATGGTGTGGAGAGAAAAGATA 

CCATGGCGAAAATAAAAGATGCTTGTGAAAATTGGGGATTCTTTGAGGTACTTCAAGAATACATA 

A TAAAATGTTTTA TGCTACAACTTTGATTTATA CAATACATTTCCCTCTAAATATCTATTCATGT 

TACTTTCTTGGTTTAACGATTCTTATTGTTTGCTTTCAAAAATCCAGCTGGTGAATCATGGCATA 

CCTCATGACCTTATGGACACATTGGAGAGATTGACCAAAGAGCACTACAGGAAATGCATGGAGCA 

GAGGTTTAAGGAATTGGTATCAAGCAAAGGCTTAGATGCTGTCCAAACTGAGGTCAAAGATATGG 

ATTGGGAAAGTACCTTCCATGTTCGACATCTCCCTGAATCAAACATTTCAGAGCTCCCTGATCTC 

AGTGATGAATACAGGTCAGTTGGTTACAAAAAAA CAAACATTA TGATATCACAACATTGCATAAC 

AAATATAAAA TTTAGCAAAAAATCACTCATAATTGACACAAAA TTTTCCTCACCCATTTGAGTTG 

CATAAA TGGA TATAAAGAGAGGTTCCATACATA TAGGATAAAAAATAAAGTTTGAGCGTATATCT 

CTCCATA TA TA TAA TTTA TGTA GGTACCTA TAAAAGCCA TA TA TA TCTTTCTTTGGCA TG ACTCT 

CACTTTTTTA TGGTTATTATTAAG�GGAAGGTGATGAAGGAATTTTCTTTGAGGTTAGAGAAGC 

TAGCAGAAGAGCTTTTGGACTTGTTATGTGAGAATCTTGGACTTGAAAAAGGTTACCTCAAAAAG 

GCCTTCTATGGATCAAGAGGACCAACTTTCGGCACCAAGGTAGCCAACTACCCTCAATGCCCTAA 

TCCAGAGCTGGTGAAGGGTCTCCGTGCTCACACCGATGCCGGTGGGATCATCCTTCTCTTCCAGG 

ATGACAAAGTCAGCGGCCTTCAGCTACTCAAAGACGACGAGTGGATCGATGTTCCCCCAATGCGT 

CACTCCATTGTTGTCAACCTTGGTGACCAGCTCGAGGTAAATTAACTCTCATTTCCATTCTCAAC 

CTGAGTAAAAAATTTCATAATAACCTTATATTGAAAGAAACACAAACATAAGTCCTCGA TTTACT 

TTTCATGTGATACTCTAGCACCTGATAGAGGATTAACGATTATGGA TCCTCTGCAGCACGTTTCA 

CAATGTAAGA TGCAACATGCTGCAAAGGATCCATAAACAAGATATACTTATGTGACCAAAAATA T 

TAGACACTAA TACCACAAATCATCTGAGGTTATA TATGAAAATGATAGGAACTATTTTACTTAGA 

CATTTTCACAAACAAGTTATGTGCAAAAATCATGAAACTTTATTAACACTTTTTGATAAAAA�G 

GTAATAACAAATGGTAAATATAAGAGTGTGGAGCACCGTGTGATAGCACAAACAAATGGAACAAG 

IExon - 41 AATGTCTATAGCATCATTCTACAACCCTGGAAGTGATGCTGTAATCTACCCTGCTCCAGAATTGT 

TGGAAAAAGAAACAGAGGAAAAAACCAATGTGTATCCTAAATTTGTGTTTGAAGAGTACATGAAG 

ATCTATGCTGCTTTGAAATTTCAAGCTAAGGAACCAAGATTTGAAGCACTGAAAGCA-3 ' 

Figure 3 . 1 .26 Structure of TR-AC03-2 genomic sequence (1 678 bp) 

The grey highl ighted and bold  upper case represent the exon sequences. 

The italics and underlined upper case represent the intron sequences . 



Intron 1 

Exon 1 

TR-AC01 1 1 05 I 197 

TR-AC02 1 1 03 I 104 

TR-AC03 1 1 05 I 131 

TR-AC04 1 1 05 I 142 

Intron 2 

Exon 2 

225 491 

230 514 

224 273 

224 259 

Intron 3 

Exon 3 Exon 4 

335 583 289 

331 101 277 

334 354 254 

334 354 254 

Figure 3 . 1 .27 Gene structure of TR-AC01, TR-AC02, TR-AC03 and 

TR-AC04 

1 2 1  

The genomic structure of each TR-ACO gene member is indicated . The 

boxes indicate the exon sequences and the numbers represent DNA 

sequence length in  base pai rs. The bold l ines between the boxes represent 

the intron sequences, and the numbers ind icate DNA length in base pai rs 
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Genome TRACOl TRAC02 TRAC03 TRAC04 

TRACOl --- 49 % 52 % 5 1  % 
TRAC02 49% --- 58 % 58  % 
TRAC03 52 % 58 % -- - 87 % 
TRAC04 5 1 %  5 8  % 87 % ---

EXON-l TRACOl-EX 1 TRAC02-EX 1 TRAC03-EX 1 TRAC04-EX 1 

TRACOl-EX 1 --- 75 % 69 % 7 1  % 
TRAC02-EX 1 75 % --- 8 1  % 8 1  % 
TRAC03-EX 1 69 % 8 1  % --- 94 % 
TRAC04-EX 1 7 1 % 8 1  % 94 % - --

EXON-2 TRACOl-EX 2 TRAC02-EX 2 TRAC03-EX 2 TRAC04-EX 2 

TRACOl -EX 2 --- 70 % 72 % 7 2 % 
TRAC02-EX 2 70 % --- 82 % 8 2 % 
TRAC03-EX 2 72 % 82 % --- 99 % 
TRAC04-EX 2 72 % 82 % 99 % ---

EXON-3 TRACOl-EX 3 TRAC02-EX 3 TRAC03-EX 3 TRAC04-EX 3 

TRACOl -EX 3 --- 78 % 77 % 7 1  % 
TRAC02-EX 3 78 % --- 84 % 75  % 
TRAC03-EX 3 77 % 84 % --- 89 % 
TRAC04-EX 3 7 1  % 75 % 89 % ---

EXON-4 TRACOl-EX 4 TRAC02-EX 4 TRAC03-EX 4 TRAC04-EX 4 

TRACOl -EX 4 --- 74 % 62 % 62 % 
TRAC02-EX 4 74 % - -- 69 % 69 % 
TRAC03-EX 4 62 % 69 % --- 1 00 % 
TRAC04-EX 4 62 % 69 % 1 00 % ---

Table 3.1 . 1  Identity of intran and exon sequences among TR-AC01, 
TR-AC02, TR-AC03 and TR-AC04 

A. Identity values over the whole genomic sequence 

B .  Identity values over the fi rst exon sequence 

C. Identity values over the second exon sequence 

D. Identity values over the third exon sequence 

E.  Identity values over the forth exon sequence 
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each of the exon sequences (Table 3 . 1 . 1 ). 

3.2 Bioinformatic analysis of the TR-AC01, TR-AC02, 

TR-AC03-1, and TR-AC03-2 promoters 

3.2.1 .  A nalysis of potential regulatory binding sites 

The putative promoter sequences from the four ACO genes of white clover were used to 

interrogate two databases, PLACE (plant eis-acting regulatory DNA elements; 

http://www.dna.aifrc.go.jp) and Mat Inspector (http://www.genomatix.de) to identify putative 

6 bp to 1 8  bp transcription factor binding domains (TFBDs). These range from 8 0  % identity 

(over 1 6  bp to 1 8  bp) to 1 00 % identity over the 6 bp. For the purpose of this analysis, the 

sequences upstream of the putative ATG site were used such that a 1 006 bp sequence for 

TR-ACOJ, a 1 5 1 0  bp sequence for TR-AC02, a 1 350 bp sequence for TR-AC03, and a 1 250  

bp sequence for TR-AC04 were examined. The putative domains were divided into three 

broad groups (designated class I, class II and class Ill) .  Class I comprises binding domains 

that are associated with hormonal or environmental cues, and include domains shared by 

other genes for which transcription has been shown to be induced by either environmental or 

hormonal cues. Examples of TFBDs in this class include a low temperature response element 

(L-Temp-RE), an abscisic acid (ABA) response element (AB A-RE), an indole-3-acetic acid 

(IAA) response element (IAA-RE also known as Aux-RE), a sucrose response element 

(Sucrose-RE), a salicylic acid (SA) response element (SA-RE), and a light response element 

(Light-RE). This later domain is similar to a TFBD designated as RUBISCO, as the domain 

has similarity with a l ight-responsive element in the small subunit gene of the RUBISCO 

(RBCS) promoter of A. thaliana. TFBDs in class I also contain motifs that are either targets 

for hormonally-induced transcription factors including a gibberellin acid (GA)-induced 

transcription factor (GA-Myb), a domain that is similar to a GA-Myb domain but occurs in a 
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cysteine proteinase gene induced in barley (Cysteine). As well, class I comprises TFBDs that 

occur on other genes that are induced by hormones, ego a-amylase (a-amyl), p-amylase 

(p-amyl), and an endosperm-specific Nap A (Endos). TFBDs in class II include domains for 

transcription factors MADS, AGAMOUS (AG), AGAMOUS-LIKE3 (AGL-3) that are 

induced by developmental cues, and domains in class III  comprise either domains that are 

shared in other genes in which transcription is induced by ethylene (ERE, GCC box) or are 

binding sites for wounding-induced transcriptional factors (W-boxes). 

3.2 . 1 . 1  Identification of transcription factor binding domains 

in the TR-A COl promoter 

In the TR-ACOl promoter sequence, six class I domains were observed, including motifs 

identified in the promoters of a- and p-amylase genes (a-amyl) (p-amyl) and an 

endosperm-specific storage gene, napA (Endos), as well as a low temperature response 

element (L-temp-RE), a GA-induced myb-protein binding domain (GA-Myb), and an ABA 

response element (ABA-RE). Five class I I  domains were detected including two Agamous 

(AG), an AG-like 3 (AGL3), and two MADS-box protein binding domains (MADS). In 

addition, three class I I I  domains were observed including two ethylene response elements 

(EREs), and a wounding response domain (W-box) (Figure 3.2. 1 ). These domains are grouped 

as clusters, with a major cluster comprising 6 domains (representing members of each class) 

located at ca. 570 to 700 bp upstream of the ATG codon (Figure 3 .2. 1 ). 

3.2.1 .2 Identification of transcription factor binding domains 

in the TR-A C02 promoter 

The TR-AC02 promoter sequence contains twelve class I domains (three a-amyl elements, 

one p-amyl, one ABA-RE element, two salicylic acid response elements (SA-RE), three 

IAA-response elements (IAA-RE)(IAA-RE2), one light response element (Light-RE), and 

one sucrose response element (Sucrose). In addition, the promoter contains six class 1 1  
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Figure 3.2.1 Identification of putative transcription factor binding 

domains in the TR-AC01 promoter sequence 

The numbers at the base of the figure represent the distance in  kb upstream from the ATG codon. 

The location of each element is indicated in boxed form . The percentage values associated with 

some TFBDs refer to the percentage identity with the 1 6  to 1 8  bp domains identified by 

Matlnspector, and (+) or (-) denotes a match on the sense (5' to 3') or anti-sense (3' to 5') 

strand, respectively. TFBDs with 1 00 % values associated are wholly identical over the 6 to 8 bp 

sequences contained in the PLACE database .  The major function and reference for each TFBD 

is indicated as follows: 

ABA-RE= ABA response element; CAAACACC; (Choi,et al 2000) 

AG=Agamous binding element (MADS-box protein); ttTGCCaaaactcgcata; (Huang, et a11 993) 

AGL3=Agamous-like 3 binding element; tgttCCAAtttaagtgga; (Huang, et a1 1 995) 

a-amyl= cis-element of a-amylase genes TGACGT; (Yamauchi ,  et al 2001 ) 

l3-amyl= cis-element of l3-amylase genes TACTATT; ( Ishiguro, et a1 1 994) 

Endos= eis-element of storage protein (napA) ; CAAACAC; (Stalberg, et al 1 996) 

ERE=ethylene response element; AWTTCAAA; (Itzhaki, et al 1 994) 

GA-Myb= GA regulated myb gene; gccaGTTG ; (Gubler, et a1 1 999) 

L-temp-RE= low temperature response element; CCGAAA; (Bunn, et al 1 998) 

MADS= floral meristem identity protein; aattcaAAAAtcgaac; (Riechmann, et al 1 996) 

W-box=wound response element; TTGAC; (Yu, et al 2001 ) 
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domains including four MADS-box domains, one AGL3 domain and one L l -Iayer specific 

element (SAM), and five class III domains including one ERE, one ethylene-response 

GCC-box, and three W-box elements (Figure 3 .2.2). Again, a major cluster of 5 domains 

representing members of each class is located 600bp to 650 bp upstream of ATG codon, with 

three other clusters comprising three domains located at ca. 370 bp, ca. 950 bp and ca. 1 3 80 

bp upstream of the ATG codon (Figure 3 .2 .2). 

3.2. 1 .3 Identification of transcription factor bin ding domains 

in the TR-AC03 promoter 

The TR-AC03 promoter contains six class I domains including a light-responsive element 

identified in the gene encoding the small sub-unit of RUBISCO (RUBI SCO), one SA-RE 

element, two ABA-RE and two IAA-RE2 elements, three class II domains (two AGL3 and 

one MADS-box), and five class III domains (two EREs, one GCC-box and two W-box 

elements) (Figure 3 .2.3). A main cluster of 6 domains is located at ca. 350 bp to 520 bp 

upstream of the ATG codon, with another cluster of three domains located at ca. 620 bp to 

700 bp upstream of the ATG codon (Figure 3 .2 .3). 

3.2.1 .4 Identification of tra nscription factor bin ding domains 

in the TR-AC04 promoter 

The TR-A C04 promoter sequence is quite similar to the TR-AC03 promoter and contains five 

class I domains [one Light-RE, one lAA-RE2, one ABA-RE element, a light-responsive 

element identified in the small sub-unit of RUBISCO (RuBiSCO), and an element identified 

as a GA-Myb binding domain in a cysteine proteinase gene of barley (Cysteine)], two class II 

domains (two AGL3 elements), and six class III elements (three W-boxes, two GCC-boxes 

and one ERE domain) (Figure 3.2 .4). Two clusters of 4 domains are located at ca. 400 bp to 

540 bp and at ca. 860 bp to 980 bp upstream of the ATG codon, while a second cluster of 

three domains is located ca. 1 1 00 bp to 1200 bp upstream of the ATG codon (Figure 3 .2.4). 
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Figure 3.2.2 Identification of putative transcription factor binding domains 

in  the TR-AC02 promoter sequence 

The numbers at the base of the figure represent the distance in kb upstream from the ATG codon. 

The location of each element is indicated in boxed form. The percentage values assoeiated with 

some TFBDs refer to the percentage identity with the 1 6  to 1 8  bp domains identified by 

Matlnspector, and (+) or (-) denotes a match on the sense (5' to 3') or anti-sense (3' to 5') strand, 

respectively. TFBDs with 1 00 % values associated are wholly identical over the 6 to 8 bp 

sequences contained in the PLACE database. The major function and reference for each TFBD is 

indicated as follows: 

ABA-RE= ABA response element; CAAACACC; (Choi, et al 2000) 

AGL3=Agamous-like 3 binding element; tgttCCAAmaagtgga; (Huang, et al 1 995) 

a-amyl= cis-element of a-amylase genes TGACGT; (Yamauchi, et al 2001 ) 

J3-amyl= eis-element of J3-amylase genes TACTATT; ( Ishiguro, et a1 1 994) 

ERE=ethylene response element; AWTTCAAA; (Itzhaki , et a 1 1 994) 

GCC-box= ethylene response element; AGCCGCC; (Hao, et a1 1 998) 

IAA-RE=auxin response element; ACTTTA; (Baumann, et al 1 999) 

IAA-RE2= auxin response element; CATATG; (Xu, et a1 1 997) 

Light-RE2=light regu late element; magGATAagtaggc; (Teakle, et al 2002) 

L-temp-RE= low temperature response element; CCGAAA; (Bunn, et a1 1 998) 

MADS= floral meristem identity protein;  aattcaAAAAtcgaac; (Riechmann, et a l  1 996) 

SA-box-2= Salicylic acid response element; TGACG; (Katagiri, et al 1 990) 

SAM/L 1 =  L 1 layerof SAM specific element; TAAATGYA; (Abe, et a1 200 1 )  

Sucrose-RE= sucrose response element; AATAGAAAA; (Grierson, et a1 1 994) 

W-box=wound response element; TTGAC; (Yu, et al 200 1 )  
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Figure 3.2.3 Identification of putative transcription factor binding 

domains in the TR-AC03 promoter sequence 

The numbers at the base of the figure represent the distance in kb upstream from the ATG codon. 

The location of each element is indicated in boxed form . The percentage values associated with 

some TFBDs refer to the percentage identity with the 1 6  to 1 8  bp domains identified by 

Matlnspector, and (+) or (-) denotes a match on the sense (5' to 3 ') or anti-sense (3' to 5') 

strand, respectively. TFBDs with 1 00 % values associated are wholly identical over the 6 to 8 bp 

sequences contained in the PLACE database. The major function and reference for each TFBD 

is indicated as follows: 

ABA-RE= ABA response element; CAAACACC; (Choi, et al 2000) 

AGL3=Agamous-like 3 binding element; tgttCCAAmaagtgga; (Huang, et al 1 995) 

ERE=ethylene response element; AWTTCAAA; (Itzhaki ,  et a1 1 994) 

GCC-box= ethylene response element; AGCCGCC; (Hao, et al 1 998) 

IAA-RE2= auxin response element; CATATG; (Xu, et a 1 1 997) 

MADS= floral meristem identity protein; aattcaAAAAtcgaac; (Riechmann,  et al 1 996) 

RUBISCO= cis-element of RuBiSCO; AATCCAA; (Donald, et al 1 990) 

SA-box=salicylic acid response element; TTGACC; (Chen, et al 2000) 

W-box=wound response element; TTGAC; (Yu, et al 2001 ) 
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Figure 3.2.4 Identification of putative transcription factor binding 

domains in  the TR-AC04 promoter sequence 

The numbers at the base of the figure represent the distance in kb upstream from the ATG codon. 

The location of each element is indicated in boxed form. The percentage values associated with 

some TFBDs refer to the percentage identity with the 1 6  to 1 8  bp domains identified by 

Matlnspector, and (+) or (-) denotes a match on the sense (5' to 3') or anti-sense (3' to 5') 

strand, respectively. TFBDs with 1 00 % values associated are wholly identical over the 6 to 8 bp 

sequences contained in the PLACE database. The major function and reference for each TFBD 

is indicated as follows: 

ABA-RE= ABA response element; CAAACACC; (Choi, et al 2000) 

Cysteine= eis-element of cysteine proteinase; I I I I I I CC; (Cercos, et al 1 999) 

E RE=ethylene response element; AWTTCAAA; ( Itzhaki , et al 1 994) 

GCC-box= ethylene response element; AGCCGCC; (Hao, et al 1 998) 

IAA-RE2= auxin response element; CATATG; (Xu, et al 1 997) 

Light-RE-2=light regu late element; tttagGATAagtaggc; (Teakle, et al 2002) 

MADS= floral meristem identity protein ;  aattcaAAAAtcgaac; ( Riechmann, et al 1 996) 

RUBISCO= cis-element of RuBiSCO; AATCCAA; (Donald, et al 1 990) 

W-box=wound response element; TTGAC; (Vu, et al 2001 ) 
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3.2 . 1 .5 Comparison of the transcription factor binding 

domains in the TR-ACO promoters 

In terms of class I transcription factor binding domains, the TR-ACOl promoter contains six 

elements, the TR-AC02 promoter contains 1 2  elements, the TR-AC03 promoter has six 

elements, and the TR-AC04 promoter has five elements. For the class II transcription factor 

binding domains, the TR-ACOl promoter contains five elements, the TR-AC02 promoter has 

six elements, the TR-AC03 promoter has three elements, and the TR-AC04 promoter only has 

two elements. In terms of the numbers of class III transcription factor binding domains, the 

TR-ACOl promoter contains three elements, the TR-AC02 promoter has five elements, the 

TR-AC03 promoter has five elements, and the TR-AC04 promoter has six elements (Figure 

3 .2 .5). 



1 3 1  

TR-AC04 

Figure 3 .2.5 Comparison of the number of transcriptio n  factor binding 

domains i n  each class for each of the TR-ACO promoter sequences 

Values on the Y axis represent the numbers of transcription factor binding 

domains for each gene in each class 

The X axis indicates each TR-ACO promoter sequence 

The Z axis represents the different classes of transcription factor binding 

domains 
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3.3 Analysis of the TR-AC01, TR-AC02, TR-AC03, 

a nd TR-AC04 promoter activity in vivo 

3.3.1 .  

3.3. 1 . 1  

Construction of the plant transformation vectors 

Vector modification and isolation 

The pRD-4 1 0 vector obtained originally for use in this study contained the GUS reporter gene 

fused with the 35S CaMV promoter. Thus it was necessary to remove the 3 5  CaMV sequence 

and replace it with each of the TR-ACO promoter sequences. To do this, pRD-4 1 0  was 

transformed into the E. coli strain DB-Sa, colonies isolated, plasmids purified, and then 

digested with Hind III  and Barn HI. After separation of the fragments using agarose gel 

electrophoresis, colonies #5 and #6 contained plasmids with one 1 2  kb band and one 820 bp 

band (Figure 3 .3 . 1 ;  the 820 bp band is difficult to visualise after ethidium bromide staining). 

Since the size of 35S CaMV promoter is 820 bp, and the linearised vector is ca. 12 kb long, 

the 1 2  kb band was purified further for cloning. 

3.3.1 .2 Isolation of promoter sequences using PCR 

To insert the promoter sequences into pRD-4 1 0, PCR was used to amplify the 5 '  UTR of each 

TR-ACO gene and each promoter sequence. In common with the bioinformatics analysis, the 

sequence upstream of the each promoter sequence had been analyzed previously to determine 

whether internal Hind III or Barn HI sites were present. If not, Hind III and Barn HI sites were 

added to the PCR primers used to amplify each promoter sequence. 

Since the TR-AC03 promoter comprises two separate sequences (the 1 264 bp and the 390 bp 

obtained by PCR extension) (section 3 . 1 .3 .4), Hind III and Barn HI sites were added to the 

end of each DNA fragment. 



B 

# 5  

H B+H x M B 

# 6  

H B+H x 

Figure 3.3.1 Restriction digestion of the pRD-41 0 vector 

l33 

� UL.V bp 

Products from enzyme digestions were separated on a 0 .6 % (w/v) agarose 

gel and visualized with ethidium bromide. The sizes of the fragments are 

indicated on the right. The numbers refer to colonies screened. B = Barn H I  

digested; H = Hind I I I  digested ;  B+H = both Barn and Hind I I I  digested; X = 

undigested plasmid. M = commercially-avai lable 1 Kb plus DNA ladder. 
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After PCR amplification, each product was digested with Hind III  and Bam Ill, and all of the 

products amplified were of the expected sizes (Figure 3 .3 .2). The TR-ACOI product was ca. 

1 000 bp (predicted size 1 006 bp), the TR-AC02 product was ca. 1 500 bp (predicted size 1 5 1 0  

bp), the TR-AC03 had one fragment of ca. 500 bp (predicted size 453 bp) and another of ca. 

900 bp (predicted size 900 bp), and the TR-AC04 product was ca. 1 300 bp (predicted size 

1 250 bp). 

3.3. 1.3 Transformation of E.coli with the plant 

transformation vectors 

The isolated DNA fragments (section 3 .3 . 1 .2) were ligated into a linearised p-RD41 0 plasmid 

from which the 35S CaMV promoter had been removed (section 3 .3 . 1 . 1 ). The l igated and 

circularised plasmids were then transformed into E. coli strain DH-5a and selected colonies 

digested with Bam III and Hind III  to screen for inserts of the expected size. 

For pTR-ACOI, five colonies had inserts of ca. 1 000 bp (Figure 3 .3 .3-A; #4, #5, #6, #7, #8), 

and colony # 8 was chosen for plasmid isolation. For pTR-AC02, only one colony (#9) had an 

insert of the expected size (ca. 1 500 bp) (Figure 3 .3 .3-B) and so colony # 9 was used for 

plasmid isolation. For pTR-AC03, plasmid isolated from only one colony (# 2) had an insert 

of the expected size (ca. 1 350 bp) from 200 colonies screened (Figure 3 .3 .3-C), and so colony 

# 2 was used for vector isolation. For pTR-AC04, six colonies (# 1 ,  #2, #3, #4, #5, #6) 

contained plasmids that had inserts of ca. 1 250 bp (Figure 3.3 .3-D), and colony # 5 was 

chosen for further plasmid isolation. 

3.3. 1 .4 

tumefaciens 

Transformation of pRD-410 into Agrobacterium 

Plasmids containing the TR-ACO promoters fused with the GUS reporter gene were isolated 

(section 3 .3 . 1 .3), and transformed into the disarmed Agrobacterium tumefaciens strain 
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Figure 3.3.2 Isolation of promoter sequences using peR 

1 35 

Generation of putative promoter sequences by PGR using p-GEM vectors as 

template. PGR products were separated by electrophoresis on a 0.75 % (w/v) 

agarose gel and visualized with ethidium bromide. The total reaction mix for each 

PGR was loaded over two lanes. The relative sizes are i ndicated on the left. M = 

1 kb pl us ladder, -- = blank lane. 

Lane- 1 =putative TR-AC04 promoter sequence as a PGR product generated using 

TR4-cloneF and TR4-cloneR primers 

Lane-2=putative TR-AC02 promoter sequence as a PGR product generated using 

TR2-cloneF and TR2-cloneR primers 

Lane-3=putative TR-AC0 1 promoter sequence as a PGR product generated using 

TR1 -cloneF and TR1 -cloneR primers 

Lane-4=putative TR-AC03 (900 bp) promoter sequence as a PGR product 

generated using TR3-1 -cloneF and TR3-1 -cloneR primers 

Lane-5=putative TR-AC03 (453 bp) promoter sequence as a PGR product 

generated using TR3-2-cloneF and TR3-2-cloneR primers 
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Figure 3.3.3 Screening of pRD-41 0 plasmids with putative TR-ACO 
promoter inserts using restriction enzyme digestion 

A. Screening of putative TR-AC0 1 promoter inserts ( 1 006 bp) 

B. Screening of putative TR-AC02 promoter inserts ( 1 51 0 bp) 

C. Screening of putative TR-AC03 promoter inserts ( 1 350 bp) 

D.  Screening of putative TR-AC04 promoter inserts ( 1 250 bp) 

Products from Barn HI  and Hird I I I  double digests were separated on a 0 .8  

% (w/v) agarose gel and visual ized with ethidium bromide. The sizes of the 

inserts were indicate on the sides. The numbers refer to colonies screened. 

X = undigested plasmid. M = 1 Kb plus ladder. 
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LBA4404 using electroporation (section 2. 1 1 .3) .  PCR or restriction enzyme digestion were 

then used to screen the transgenic strains. 

PCR screening of three putative pTR-ACOl-containing plasmids colonies using a reverse 

primer designed from the 5' region of the GUS gene (designated GUS-R), and a forward 

primer designed from the 3' end of the NPT 11 gene (designated NPT-F), amplified a product 

of ca. 2500 bp (the expected size) (Figure 3 .3 .4). Some colonies were also screened using 

primers designed within the TR-ACOl promoter (designated TR1 -c1one-F and TR1 -c1one-R), 

and these amplified a product of ca. 1 000 bp (expected size 1 006 bp) (Figure 3 .3 .4). Thus the 

1 000 bp band was isolated for DNA sequencing. The sequence result aligned with the original 

TR-ACOl promoter sequence with 1 00% identity (data not shown). 

Eight colonies containing the p-RD4 1 0 plasmids harbouring the putative TR-AC02 promoter 

were isolated from A. tumefaciens transformants, and digested with Hind III and Bam HI. 

Colonies # 1 and #8 contained plasmids with an insert of ca. 1 500 bp fragment (expected size 

1 5 1 0  bp) (Figure 3 . 3 .5-A). PCR was used to re-screen colony # 8, and the sizes of the 

amplified product coincided with the predicted sizes using the GUS reverse primer (GUS-R) 

and a forward primer from the 5' end of TR-AC02 promoter sequence (designated 

TR2-intemal-F) (Fig. 3 . 3 .5-B; lane-b, 1 550 bp). A product of 2900 bp was also amplified but 

its identity is not known. A product of 2900 bp was also noted in lane-c, but again its identity 

is not expected. Using the GUS primer (GUS-R) and a forward primer from the 3 '  end of the 

NPT 11 gene (NPT-F) (Figure 3 .3 .5-B; lane-d, 2900 bp). A ca. 1 500 bp product (expected 

size 1 550  bp), amplified with the GUS primer and the promoter sequence primer, was 

sequenced and shown to be identical to the putative TR-AC02 promoter (data not shown). 

Plasmids isolated from three of the TR-AC03 colonies were screened using PCR and all of 

them had the predicted product sizes when using the GUS reverse primer (GUS-R) and the 5 '  

end of  the TR-AC03 promoter as  the forward primer (designated TR3-clone-F) ( 1 450 bp), and 

using the 3 '  end of promoter as the reverse primer (designated TR3-c1one-R) and the NPT 
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Figure 3.3.4 peR screening and confirmation of the p TR-AC0 1 ::GUS 

transformation into Agrobacterium cel ls 

Screen ing for colonies containing plasmids with positive inserts by PCR using 

GUS-R and N PT-F primers (lanes 1 -3) , and confi rmation of positive colonies by 

PCR using TR1 -clone-F and TR1 -clone-R primers (lanes A-C). The PCR 

products were separated by electrophoresis on a 0.75 % (w/v) agarose gel and 

visualized with ethidium bromide. The sizes of the relative fragments are 

indicated on both side. M = 1 kb plus ladder, -- = blank lanes 

Land 1 :  screening of isolated plasmid from colony #1 by PCR using the G US-R 

and NPT-F primers 

Land 2: screening of isolated plasmid from colony #2 by PCR using the G US-R 

and NPT-F  primers 

Land 3: screening of isolated plasmid from colony #3 by PCR using the G US-R 

and NPT-F primers 

Land A:  plasmid isolated from colony #1 screened by PCR using the 

TR1 -clone-F and TR1 -clone-R primers 

Land B:  plasmid isolated from colony #2 screened by PCR using the 

TR1 -clone-F and TR1 -clone-R primers 

Land C:  plasmid isolated from colony #3 screened by PCR using the 

TR1 -clone-F and TR1 -clone-R primers 



1 39 

1 2 M 3 4 5 6 7 8 

1 450 bp 

A 

.....-----�.nJv bp 

1550 bp 

B 

Figure 3.3.5 Restriction enzyme digestion screen ing and confirmation using 

peR, of p TR-AC02::GUS transformation into Agrobacterium cel ls 

Screening for colonies containing plasmids with positive inserts using Hind I I I  and Bam HI digestion (A), 
and confirmation of colonies contai ning plasmids with positive inserts in (A) by PGR (8). 

(A) Restriction enzyme digestion screening 
Products were separated by electrophoresis on a 0 .75 % (w/v) agarose gel, and visualized with ethidium 

bromide. The sizes of the relative fragments are indicated on the right. The lane numbers indicate colony 

numbers. M = 1 kb plus ladder. 

(8) Confirmation using PCR 
Lane-a= p-RD41 0 vector only as template; PGR using GUS-R and NPT-F primers 

Lane-b=plasmid isolated from colony # 8 as template; PGR using G US-R and TR2-internal-F primers 

Lane-c= plasmid isolated from colony # 8 as template; PGR using N PT-F and TR2-internal-R primers 

Lane-d= plasmid isolated from colony # 8 as template; PGR using G US-R and NPT-F primers 

63 
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1I primer (NPT-F) as the forward (2600 bp) (Figure 3 .3 .6). Sequence analysis also indicated 

that the promoter sequence is 1 00 % identical to the p TR-AC03 sequence (data not shown). 

Three colonies containing p-RD4 1 O  plasmids harbouring the putative TR-AC04 promoter 

were isolated from A .  tumefaeiens transformants, and digested with Hind III  and Bam Ill. 

Colonies # 1 ,  #2, and #3 contained plasmids with an insert of the expected size ( 1 3 50 bp) 

(Figure 3 .3 .7-A). PCR was used to re-screen colonies, and the sizes of the amplified product 

coincided with the predicted sizes using the GUS reverse primer (GUS-R) and a forward 

primer from the 5 '  end of TR-AC04 promoter sequence (designated TR4-internal-F) ( 1 350 

bp), and using the 3' end of promoter as the reverse primer (designated TR4-clone-R) and the 

NPT 11 primer (NPT-F) as the forward (2600 bp) (Figure 3 .3 .7-B). The 1 350 bp product 

amplified with the GUS primer and the promoter sequence primer was sequenced and shown 

to be identical to the putative TR-AC04 promoter (data not shown). 

3.3.2. 

3.3.2.1  

Analysis of GUS expression in transgenic tobacco 

Southern blot analysis 

Using a GUS specific probe (Section 2. 1 2.2)(Figure 2.9), Southern analysis revealed that 

selected transgenic tobacco lines harbouring p TR-AC01::GUS, pTR-AC02::GUS, 

pTR-AC03::GUS and pTR-AC04: :GUS contained either one or two copies of the 

promoter: :GUS construct in the diploid tobacco genome. 

In the pTR-ACOl : :GUS transgenic lines, in line # 1 ,  the GUS probe hybridized to one 

fragment in the Hind III  and Bam III digested lanes, while no hybridization was observed in 

the Eeo RI digested lane. In line #7, the GUS probe hybridized to two fragments in the Hind 

III  digested lane, three fragments in the Bam III and Eeo RI digested lanes. Whereas, in line 

# 1 1  two fragments were detectable in each of the Hind Ill,  Bam III and Eeo RI digested lanes 

(Figure 3 .3 . 8). 

In the pTR-AC02::GUS transgenic lines, Southern analysis showed in line #2 that the GUS 
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Figure 3.3.6 peR screening and  confirmation of the p TR-AC03::GUS 

transformation into Agrobacterium cel ls 

Screening for colonies containing plasmids with positive inserts by PCR usi ng 

GUS-R and TR3-clone-F primers (lanes 1 -3) and confi rmation of positive 

colonies by PCR using TR3-clone-R and N PT-F primers (lanes A-C) . The PCR 

products were separated by electrophoresis on a 0.75 % (w/v) agarose gel a 

visualized with ethidium bromide. The relative sizes with in the DNA ladder are 

indicated on the left. M = 1 kb plus ladder, -- = blank lanes 

Land 1 :  screening of isolated plasmid from colony #1 by PCR using the 

G US-R and TR3-clone-F primers 

Land 2 :  screening of isolated plasmid from colony #2 by PCR using the 

G US-R and TR3-clone-F primers 

Land 3: screening of isolated plasmid from colony #3 by PCR using the 

GUS-R and TR3-clone-F primers 

Lane A:  plasmid isolated from colony #1 screened by PCR using the N PT-F 

and TR3-clone-R primers 

Lane B: plasmid isolated from colony #2 screened by PCR using the N PT-F 

and TR3-clone-R primers 

Lane C: plasmid isolated from colony #3 screened by PCR using the N PT-F 

and TR3-clone-R primers 
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Figure 3.3.7 Restriction enzyme digestion screening and confirmation using 

peR, of p TR-AC04::GUS transformation i nto Agrobacterium cel ls 

Screening for colonies containing plasmids with positive inserts using Hind I I I  and Bam HI  digestion 

(A), and confirmation of positive colonies in (A) by PCR (8). 

(A) Restriction enzyme digestion screening 
Products were separated by electrophoresis on a 0.75 % (w/v) agarose gel and visualized with 

ethidium bromide. The sizes of the relative fragments are indicated on the right. The lane numbers 

indicate the screening colonies. M = 1 kb plus ladder. 

(6) Confirmation using PCR 
Lane-a=plasmid isolated from colony # 1 as temple; PCR using GUS-R and TR4-internal-F primers 

Lane-b=plasmid isolated from colony # 2 as temple; PCR using GUS-R and TR4-internal-F primers 

Lane-c =plasmid isolated from colony # 3 as temple; PCR using GUS-R and TR4-internal-F primers 

Lane-d =plasmid isolated from colony # 1 as temple; PCR using NPT-F and TR4-internal-R primers 

Lane-e =plasmid isolated from colony # 2 as temple; PCR using NPT-F and TR4-internal-R primers 

Lane-f =plasmid isolated from colony # 3 as temple; PCR using NPT-F and TR4-internal-R primers 
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Figure 3.3.8 Screening, using Southern analysis, of putative 

p TR-AC01::GUS transgenic tobacco plant l i nes 

The membrane was probed with a [a-32P]-dCTP-labeled GUS gene probe, and 

washed at high stringency (0. 1 X SSPE, 0. 1 % SOS at 65°C) to remove 

non-specific binding. The numbers represent the selected transgenic plant 

l ines. E = DNA digested with Eco R I ,  H = DNA digested with Hind I l l ,  B = DNA 

digested with Barn H I .  Molecular weight markers are i ndicated on both sides. 
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probe did not hybridize to any fragment in the Hind III digested lane, but hybridized to two 

fragments in the Bam HI digested lane, and to one fragment in the Eeo RI digested lane. In  

line #7,  the GUS probe hybridized to two fragments in  the Hind Ill, Bam HI and Eeo RI 

digested lanes. In line #8, the GUS probe hybridized to three fragments in the Hind I I I  

digested lane, one fragment in the Bam HI digested lane, and one fragment in the Eeo RI 

digested lane. (Figure 3 .3 .9). 

In the pTR-AC03::GUS transgenic lines, in line #4 the GUS probe hybridized to two 

fragments in the Hind III  digested lane, one fragment in the Bam HI digested lane, and one 

fragment in the Eeo RI digested lane. In line # 1 3  the GUS probe hybridized to one fragment 

detectable in each of the Hind Ill, Bam HI and Eeo RI digested lanes. The hybridization 

pattern from line # 1 3  is similar to line #4 with two fragments in the Hind III  digested lane, 

one fragment in the Bam HI and Eeo RI digested lanes. (Figure 3 .3 . 1 0). 

In the pTR-AC04::GUS transgenic lines, in line # 1 4  the GUS probe hybridized to two 

fragments in the Hind I I I  and Eeo RI digested lanes, and one fragment in the Bam HI digested 

lane. In line # 1 7 , the GUS probe hybridized to three fragments in the Hind III digested lane, 

two fragments in the Eeo RI digested lane, and no hybridization was observed in the Bam HI 

digested lane. In line # 1 8 , no hybridization was observed in the Hind III  and Bam HI digested 

lane, but two fragments in the Eeo RI digested lane were observed (Figure 3 .3 . 1 1 ). 

3.3.2.2 Primary GUS staining 

p TR-A C01::GUS transformed tobacco plants 

pattern ID the 

Twenty potentially independent lines of pTR-ACOl ::GUS transformed tobacco plants were 

screened by GUS staining when they had obtained ca. 1 0  cm in height. Six plants had 

detectable GUS staining in the apical bud tissues, while in one plant (line # 3) GUS staining 

was detected in the young root tissue, but not in the terminal apical bud (data not shown). 

Three of these positive plants lines (# 1 ,  # 7, and # 1 1 ) were selected for Southern analysis to 
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Figure 3.3.9 Screening, using southern analysis, of putative 

p TR-AC02::GUS transgenic tobacco plant l ines 

The membrane was probed with a [a-32P]-dCTP-labeled G US gene probe, 

and washed at high stringency (0. 1  X SSPE, 0. 1 % SDS at 65°C) to remove 

non-specific binding. The numbers represent the selected transgenic plant 

l ines. E = DNA digested with Eco RI ,  H = DNA digested with Hind I l l ,  B = 

DNA digested with Barn H I .  Molecular weight markers are indicated on both 

sides. 
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Figure 3.3 . 1 0 Screening using Southern a nalysis, of putative 

p TR-AC03::GUS transgenic tobacco p lant l ines 

The membrane was probed with a [a-32P]-dCTP-labeled GUS gene probe, 

and washed at high stringency (0. 1 X SSPE, 0. 1 % S OS at 65°C) to remove 

non-specific binding. The numbers represent the selected transgenic plant 

l ines. E = DNA digested with Eco RI ,  H = DNA digested with Hind I l l ,  B = 

DNA digested with Barn H I .  Molecular weight markers are indicated on both 

sides. 
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Figure 3.3. 1 1  Screening using Southern analysis, of putative 

p TR-AC04::GUS transgenic tobacco plant l i nes 

The membrane was probed with a [a-32 P]-dCTP-labeled G U S gene probe, 

and washed at high stringency (0. 1  X SSPE,  0. 1 % S OS at 65°C) to 

remove non-specific binding. The num bers represent the selected 

transgenic plant l ines.  E = DNA digested with Eco RI , H = DNA digested 

with Hind I l l ,  B = DNA digested with Barn H I .  Molecular weight markers 

are i ndicated on both sides. 
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confIrm that they were independent lines and determine the copy number of the inserted 

GUS gene (see Section 3.3.2. 1 ). When these three plants grew to 40 cm in height (designated 

the mature green leaf stage), leaf tissues at different stages of development were analyzed for 

GUS staining. The results showed that all of these three plants displayed GUS staining only at 

the terminal apical bud and in the axillary buds, while GUS staining was not observed in the 

leaf tissue at any stage of development. The intensity of GUS staining in the axillary buds 

ranged from a higher level observed in buds in the axils of the younger leaves (leaves # 1 to # 

3) to a lower intensity of staining observed in buds in the axils of the older leaves (leaves # 8 

to # 1 0). No staining could be observed in the axils of the oldest leaves (leaves # 1 1  and # 1 2) 

(Figure 3 .3 . 1 2-A). 

When these plants grew to over 60 cm in height with more yellowing leaves, the GUS 

staining pattern was assessed again. To assist in assessing leaf development in these 

transformants, and in the pTR-A C02::G US, pTR-AC03::GUS and p TR-AC04::GUS 

transformants, chlorophyll content was determined in wild-type plants that had reached a 

similar size (Figure 3 .3 . 1 6). In the pTR-ACOJ transformants, the axillary buds in the axils of 

youngest leaves (leaves # 1 and # 2) did not show any GUS staining, and then staining 

increased in intensity (leaves # 3 to # 1 0) fol lowed by a decrease in intensity (leaves # 1 1  and 

# 1 2). At the leaf developmental stages in which the highest GUS staining was observed in the 

axils (leaves # 4 to # 7), faint GUS staining can be observed in the vascular cells of the leaf 

petiole (Figure 3 .3 . 1 2-B). 

3.3.2.3 Primary GUS staining 

pTR-A C02::GUS transformed tobacco plants 

pattern I D  the 

Twenty potentially independent lines of tobacco putatively containing the pTR-AC02::GUS 

construct were screened by GUS staining once they had attained 1 0  cm in height. Only three 

plants lines (# 2, # 7, and # 8) displayed GUS staining on the leaf discs. These p lants were 
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Figure 3.3. 1 2  G US stai ning a nalysis of leaf t issues excised from 

p TR-A C0 1 ::GUS transformed tobacco l i nes 

A. Transgenic l ine #1 of p TR-A CO 1 ::GUS construct at the mature green leaf stage 

B. Transgenic l i ne #1 of p TR-A C0 1 ::GUS construct at the senescence stage 

Tissues, as i ndicated, were stained by X-G luc and de-stai ned through an ethanol 

series. The num bers represent the node number, starting from the terminal apical 

bud. a = axi l lary/ apical bud, b = proximal section of the petiole ,  c = distal section of 

the petiole, d= proximal lamina, e = middle lamina, f = distal lam i na 
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grown further and Southern blot analysis used to COnflffil each as an independent line and to 

determine the number of copies of GUS inserts (Section 3 .3 .2 . 1 ). Once these plants were at 40 

cm in height (mature-green leaf stage) their leaf tissues were analyzed for the pattern of GUS 

staining. Results showed that GUS staining in axillary buds appeared from leaf # 2 to leaf # 

1 0  (Figure 3 .3 . 1 3-A-a). After leaf # 1 0, no axillary buds were observed in the leaf axils. A 

very low intensity of GUS staining was observed in the petiole tissue at the mature green leaf 

stage (leaves # 3 to # 1 0), but with higher intensity staining in senescent leaves ( leaves # 1 1  to 

# 1 3 )  (Figure 3 . 3 .  1 3-A-b). The GUS staining in leaf midribs started at the late mature-green 

leaf stage (leaves # 6 to # 1 0) and increased in intensity until the senescent leaf stage ( leaves 

# 1 1 -# 1 3 ) (Figure 3 .3 .  1 3-A-c). GUS staining in leaf lamina tissue was observed from leaf # 8 

and increased in intensity until leaf # 1 3  (Figure 3 . 3 .  1 3-A-d). 

When these plants grew to over 60 cm in height with more yel lowing leaves, GUS staining 

showed more intensity and appeared earlier in development, and chlorophyll content used to 

assess leaf development (Figure 3 . 3 . 1 6). The GUS staining in axillary buds, started to appear 

from leaf # 5 to leaf # 7 (Figure 3 . 3 .  13-B-a). After leaf # 7, no axillary buds were observed in 

the leaf axils. A high intensity of GUS staining was observed in petioles at the mature green 

leaf stage (leaves # 4 to # 7) and this increased in intensity in senescent leaves (leaves # 8 to # 

1 2) (Figure 3 . 3 . 1 3-B-b). GUS staining was observed in leaf midribs from early mature-green 

leaves (leaf # 3 )  and then increased in intensity until the late senescent leaf (leaf # 12)  (Figure 

3 . 3 .  1 3 -B-c). The GUS staining in leaf lamina tissue displayed a similar pattern to that 

observed in midribs (Figure 3 .3 .  1 3-B-d). 

3.3.2.4 Primary GUS sta ining 

p TR-A C03::GUS transformed tobacco plants 

pattern ID the 

Twenty five potentially independent lines putatively harbouring pTR-A C03::GUS constructs 

were screened by GUS staining when plants were at a young stage ( 1 0  cm in height). Fifteen 
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Figure 3.3. 1 3  GUS stain ing analysis of leaf tissues excised from 

p TR-AC02::GUS transformed tobacco l ines 

A. Transgenic l ine #2 of p TR-AC02::GUS construct at the mature green leaf stage 

B. Transgenic l ine #2 of p TR-AC02::GUS construct at the senescence stage 

Tissues, as indicated, were stained by X-Gluc and de-stained through an ethanol 

series. The numbers represent the node number, starting from the terminal apical 

bud. a = axi l lary bud, b = distal petiole, c = distal m idrib, d = middle lamina 



1 52 

plants displayed blue staining on leaf discs. Three of these positive plants lines (# 4, # 1 3, and 

# 1 5) were selected for Southern analysis to confIrm that these were individual lines and to 

determine the copy number of inserted GUS genes (Section 3 .3 .2. 1 ). When these three plants 

had grown to the mature green leaf stage (around 40 cm in height), leaf tissues were analyzed 

for the pattern of GUS staining. The results showed that GUS staining in axillary buds, 

appeared from leaf # 5 and increased in intensity until leaf # 1 5, and then decreased in the 

oldest leaf (# 1 6) (Figure 3 .3 . 1 4-A-a). In petiole tissue, GUS staining was observed 

throughout from the young leaf (leaf # 2)  and increasing through to the senescent leaf (leaf # 

1 6) (Figure 3 .3 .  1 3-A-b, c). The GUS staining in leaf midribs also began at the young leaf (leaf 

# 2) and increased in intensity through to the senescent leaf (leaf # 1 6). (Figure 3 .3 .  1 3-A-d,e). 

GUS staining in leaf lamina tissue was observed only in the proximal lamina in the vascular 

tissue. The intensity of blue colour observed from leaf # 2 increased to leaf # 1 2, and then 

decreased until leaf # 1 6  (Figure 3 .3 .  14-A-f). No staining was observed in the middle or 

proximal lamina (Figure 3 .3 . l 4-A-g, h). 

When these plants grew to over 60 cm in height and increased numbers of yellowing leaves, 

GUS staining was more intense and the staining pattern was altered. The GUS staining in 

axillary buds started to appear from leaf # 2 and increased in intensity until leaves # 9 to # 1 3 , 

after which it decreased at the yellowing leaves (leaves # 1 4  to # 1 6) (Figure 3 .3 . 1 4-B-a). 

Staining in the petiole tissue was observed from leaf # 3 to leaf # 1 6. The highest intensity of 

staining was observed in leaves # 7 to # 1 1 ,  and in leaf # 1 4. (Figure 3 .3 . 1 4-B-b, c). In leaf 

lamina tissue, GUS staining was evident in the early mature-green leaf (leaf # 4) and 

increased in intensity through to the senescent leaf stage (leaf # 1 5) but had disappeared by 

leaf # 1 6. Also, from leaf # 8 to leaf # 1 6, dense GUS staining appeared at the cut edges of the 

leaf lamina (Figure 3 .3 .  1 4-B-f, g). 
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Figure 3.3 . 1 4  GUS sta i ni ng analysi s of leaf tissues excised from 

p TR-AC03::GUS transformed tobacco l i nes 

A. Transgen ic l ine #1 3 of p TR-AC03::GUS construct at the matu re green stage 

B. Transgenic l ine #1 3 of p TR-AC03::GUS construct at the senescent stage 

Tissues, as indicated, were stained by X-G luc and de-stained through an 

ethanol seri es . The numbers represent the node n umber starting from the 

termi nal apical bud. a = axi l lary bud, b = proximal petiole, c = distal petiole, d = 

proxi mal midrib ,  e = distal midrib ,  f = proximal lamina, g = middle lamina, h = 

distal lamina 



3.3.2.5 Primary GUS staining 

pTR-A C04::GUS transformed tobacco plants 

pattern 
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in the 

Thirty potentially independent lines putatively harbouring the pTR-AC04::GUS construct 

were screened by GUS staining at the young leaf stage ( 1 0  cm in height). Twenty two plants 

displayed GUS staining on leaf discs. Three of these positive plants lines (# 1 4, # 1 7, and # 1 8) 

were selected for Southern blot analysis to confIrm that they were independent lines and to 

determine the copy number of the inserted GUS gene (Section 3 .3 .2. 1 ). These three plants 

grew to around 40 cm in height (mature-green leaf stage), and their leaf tissues were analyzed 

for the pattern of GUS staining. The results showed that all three plants displayed intense 

GUS staining in the axillary buds, leaf petioles, midribs, and leaf lamina. When compared 

with the results of GUS staining of the selected pTR-AC03::GUS transformants, the blue 

colour was significantly denser in the pTR-AC04::GUS plants. The intensity of GUS staining 

in leaf tissues increased from young leaf tissue arising from the terminal bud to the mature 

green leaf tissue towards the base. (Figure 3 .3 . 1 S-A). The results showed that GUS staining in 

axillary buds started to appear from leaf # 1 and increased in intensity until leaf # 1 1  (Figure 

3 . 3 .  1 S-A-a). The GUS staining in petiole tissue was observed throughout the developmental 

sequence, from the youngest l eaf (leaf # 1 )  through to the senescent leaf stage (leaf # 1 1 ) 

(Figure 3 .3 . 1 S-A-b, c). The GUS staining in leaf midribs also started in the youngest leaf (leaf 

# 1 )  and increasd in intensity through to the senescent leaf stage (leaf # 1 1 ). (Figure 

3 . 3 . 1 S-A-d,e). The GUS staining in the leaf lamina tissues was observed in the proximal 

lamina tissue from leaf # 1 to leaf # 1 ] , but in the middle and distal lamina tissues, the GUS 

staining started at leaf # 3, and increased in intensity to leaf # 1 1  but staining was a lower 

intensity when compared with that observed in the proximal lamina. Also, in the proximal 

lamina of leaves # 1 and # 2, GUS staining appeared at the cut edge (Figure 3 .3 . 1 S-A-f, g, h). 
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Figure 3.3 . 1 5 GUS stain ing analysis of leaf tissues excised from 

p TR-AC04::GUS transformed tobacco l ines 

A. Transgenic l ine # 1 4  of p TR-AC04::GUS construct at the mature green leaf 

stage 

B. Transgenic l i ne # 1 4  of p TR-AC04::GUS construct at the senescent stage 

Tissues , as indicated, were stained by X-Gluc and de-stained through an 

ethanol series. The numbers represent the node number, starting from the 

terminal apical bud. a = axi l lary bud, b = proximal petiole, c = distal petiole, d = 

proximal midrib,  e = distal midrib, f = proximal lamina, g = middle lamina, h = 

distal lamina 
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When these plants grew to over 60 cm in height so they had greater numbers of yellowing 

leaves, a less intense GUS staining and different staining pattern was observed. The GUS 

staining in axillary buds appeared from leaf # 4 and increased in intensity until leaves # 1 0  to 

# 1 4, and then decreased in the oldest leaf (leaf # I S) (Figure 3 .3 . 1 S-B-a). Staining in petiole 

tissue can be observed from leaf # 3 to leaf # I S . The highest intensity can be detected in 

leaves # 7 to # 1 1 ,  and in leaf # 1 4 . (Figure 3 . 3 . 1 S-B-b, c). GUS staining in leaf lamina tissue 

started in an early mature-green leaf (leaf # 3 ), increased in intensity until late senescent leaf 

stage (leaf # 1 4), and then decreased and had disappeared in leaf # I S . Also, from leaf # 7 to 

leaf # 1 4, GUS staining appeared at the cut edges of the leaf lamina (Figure 3 .3 . I S-B-f, g). 

3.3.2.6 Changes in total chlorophyll concentration during leaf 

ontogeny in tobacco 

To assist in assessing leaf development, total chlorophyll content (as chlorophyl l  a + b) was 

determined in wild-type plants that had reached ca. 60 cm in size (Figure 3 .3 . 1 6). At each 

developmental stage (over 1 8  leaves), leaves from three individual wild-type tobacco l ines 

were used for total chlorophyll determination. The chlorophyll concentration in the first leaf 

(designed newly initiated (leaf # I )) is very low (S2 !lg/g Fw) when compared with the other 

leaves. After this, the concentration increases until leaf # 7 ( 1 60S !lg/g Fw), which is at the 

young mature-green leaf stage. But for the following leaves (# 8 to # 1 0), the concentrations 

decreased until reaching 839 !lg/g Fw. In this range, the leaves are in the mature green leaf 

stages. From leaves # 1 1  to # 1 3 , the chlorophyll concentrations decreased slowly. In these 

leaves, the colour started to yellow at the edge of lamina. After leaf # 13 ,  the chlorophyll 

concentrations decreased until the deep yellow senescent leaf stage ( leaf # 1 8) was reached, 

with a concentration of 1 3 8  !lg/g Fw (Figure 3 .3 . 1 6). 
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Figure 3.3. 1 6  Changes total in ch lorophyll  concentration duri ng leaf 

ontogeny i n  tobacco 

At each leaf number, the data is the mean for each leaf sample from three 

i ndividual wi ld-type tobacco l ines .  Error bars = ± 1 sem for 3 plant l ines . 
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By using a GUS specific probe (Section 2.  1 2.2)(Figure 2.9), Southern analysis revealed that 

selected transgenic white clover lines harbouring pTR-AC01 ::GUS, pTR-AC02::GUS, 

pTR-AC03::GUS and pTR-AC04::GUS contained either one or two copies of the 

pTR-ACO::GUS insert in their genome. 

In the pTR-AC01 : :GUS transgenic lines, ill line # 1  the GUS probe hybridized to two 

fragments in the Hind I l l ,  Bam HI and Eeo RI digested lanes. In line # 3 ,  the GUS probe 

hybridized to two fragments in the Hind III and Bam H I  digested lanes, and one fragment in 

the Eeo RI digested lane. In line # 1 1 , one fragment is detectable in the Hind III and Bam HI 

digested lanes, and two fragments in the Eeo RI digested lanes (Figure 3 .3 . 1 7). 

In the pTR-A C02::G US transgenic l ines, Southern analysis showed that in l ine # 1 ,  the GUS 

probe hybridized to two fragments in the Hind III and Bam HI digested lanes, and to three 

fragments in the Eeo RI digested lane. In l ine # 1 2, the GUS probe hybridized to one fragment 

in the Hind I l l ,  Bam HI and Eeo RI digested lanes, and in the line # 1 9, the GUS probe 

hybridized to two fragments in each of the Hind I l l ,  Bam HI and Eeo RI digested lanes 

(Figure 3 .3 . 1 8). 

In the pTR-AC03::GUS transgenic lines, in line # 1  the GUS probe hybridized to one 

fragment in the Hind III  and Bam HI digested lanes, and two fragments in the Eeo RI digested 

lane. In line #2, the GUS probe hybridized has two fragments detectable in each of the Hind 

I l l ,  Bam HI and Eeo RI digested lanes, and in l ine #6, the GUS probe hybridized to two 

fragments in the Hind I I I  and Eeo RI  digested lanes, and one fragment in the Bam HI digested 

lane. (Figure 3 .3 . 1 9). 

In the pTR-A C04: :GUS transgenic lines, in line # 1  the GUS probe hybridized to two 
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Figure 3.3. 1 7  Screening, by Southern analysis, of transgenic white 

clover transformed with the p TR-AC0 1 ::GUS construct 

The membrane was probed with a [a-32P]-dCTP labeled GUS gene probe, and 

washed at high stringency (0. 1 X SSPE,  0 . 1  % SOS at 65°C) to remove 

non-specific binding. The numbers represent the selected transgenic plant 

l ines. E = DNA digested with Eeo RI ,  H = DNA digested with Hind I l l ,  B = DNA 

digested with Barn H I .  Molecular weight markers are indicated on both sides. 



1 60 

1 8  1B l E  128 1 2B 12E 198 19B 19E 
Kb Kb 

12 
12 

5 5 

3 3 

2 2 

Figure 3.3. 1 8  Screening, by Southern analysis, of transgenic white 

clover transformed with the p TR-AC02::GUS construct 

The membrane was probed with a [a-32P]-dCTP labeled G US gene probe, and 

washed at high stringency (0. 1 X SSPE, 0 . 1  % SOS at 6S0C) to remove 

non-specific binding. The numbers represent the selected transgenic plant 

l i nes. E = DNA digested with Eco RI ,  H = DNA digested with Hind I l l ,  B = DNA 

digested with Barn H I .  Molecular weight markers are i ndicated on both sides . 
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Figure 3.3. 1 9  Screening, Southern analysis, of transgenic white clover 

transformed with the p TR-AC03::GUS construct 

The membrane was probed with a [a-32P]-dCTP labeled G US gene probe, and 

washed at high str ingency (0. 1 X  SSPE, 0 . 1  % SOS at 65°C) to remove 

non-specific binding. The numbers represent the selected transgenic plant 

l ines. E = DNA digested with Eco R I ,  H = DNA digested with Hind I l l ,  B = DNA 

digested with Barn H I . Molecular weight markers are i ndicated on both sides . 
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fragments in the Hind III, Bam ID and Eco RI digested lanes. In line #22, the GUS probe 

hybridized to two fragments in the Hind III digested lane, and to three fragments in the Bam 

ID and Eco RI digested lanes. In  line #26, the probe hybridized to two fragments in the Hind 

ill digested lane, and to three fragments in Bam ID and Eco RI digested lanes (Figure 3 .3 .20). 

3.3.3.2 Changes in chlorophyll concentration during leaf 

ontogeny in white clover 

To determine the relationship between the developmental stage of each leaf (node) and the 

p TR-A CO::GUS expression pattern, the total chlorophyll content (chlorophyll a + b) of each 

leaf was measured (Figure 3 .3 .2 1 ). The chlorophyl l  concentration in the fIrst two leaves (# 1 

and # 2) was lower (290-330 )lg/g Fw) when compared with all the other leaves, but by leaf # 

3, the chlorophyll concentration had increased to 1 400 )lg/g Fw. After that stage, the 

chlorophyll concentration slowly increased from leaf # 3 to leaf # 6 to reach a peak at 1 700 

)lg/g Fw to form the mature-green leaf stage. From this peak (leaves # 5 and # 6), the 

chlorophyll concentration decreased, so that at leaf # 9 (a yellowing leaf) a concentration of 

3 5 0  )lg/g Fw was measured. 

3.3.3.3 Primary GUS staining patterns 

p TR-A C01::GUS transformed white clover plants 

I D  the 

Twenty fIve potentially independent l ines of white clover putatively transformed with the 

p TR-A C01::GUS construct were screened by GUS staining once they had developed 3 to 4 

trifoliate leaves. Nineteen plants displayed a blue colour within the apical structure. Three of 

those positive plant lines (# 1 ,  # 3 ,  and # 1 1 ) were selected for subsequent Southern analysis 

(section 3 .3 .3 . 1 )  to confIrm that they did represent independent l ines and to determine the 

copy number of the insel1ed GUS gene (Figure 3 . 3 . 1 7). When these three plants had 

developed stolons comprising 7 to 9 leaves, three different stolons, from the same plant were 

analyzed for the pattern of GUS staining and a representative sto10n from each line is shown 
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Figure 3.3 .20 Screening, by Southern analysis, of transgenic white 

clover transformed with the p TR-AC04::GUS construct 

The membrane was probed with a [a-32P]-dCTP labeled GUS gene probe, and 

washed at high stringency (0. 1 X SSPE,  0 . 1  % SOS at 6S0C) to remove 

non-specific binding. The numbers represent the selected transgenic plant 

l ines .  E = DNA digested with Eco R I ,  H = DNA digested with Hind I l l ,  B = DNA 

digested with Barn H I .  Molecular weight markers are indicated on both sides .  
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o ntogeny in white clover 
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in Figure 3 .3 .22. In these stolons, staining was generally more pronounced in the apical 

structure and axillary buds when compared with the petiolule and leaf lamina. In terms of leaf 

ontogeny, staining was highest generally in the apical structure and in the axillary buds 

subtending from the younger nodes, and least in the newly senescent plant parts (Figure 

3 .3 .22). 

The GUS staining in the axillary bud! stolon segments of line # I ,  was intense from leaf # 1 to 

leaf # 7, with staining most concentrated in leaf # 1 ,  # 2 and # 7 (Figure 3 .3 .22-A-a). In the 

trifoliate leaves, GUS staining was observed in the petiolules with highest intensity at leaf # 1 

and then intensity decreased along to leaf # 6. Staining then increased in leaf # 7 (Figure 

3 .3 .22-A-b). The GUS staining in leaf lamina tissue was observed in leaf # 2, # 4 and leaf # 6, 

with the highest intensity of staining in leaf # 2 (Figure 3 .3 .22-A-c). In the petiole segment, 

no staining could be observed (Figure 3 .3 .22-A-d). 

In line # 3, GUS staining in the axillary bud! stolon segments began at leaf # 1 and increased 

in intensity until leaf # 8 (Figure 3 .3 .22-B-a). In the trifoliate leaves, GUS staining was 

observed mainly in the petiolules, and started to increase from leaf # 2 to leaf # 4 and then 

decreased to leaf # 8 (Figure 3 .3 .22-B-b). GUS staining in leaf lamina tissue was observed 

from leaf # 3 to leaf # 6 .  Leaf #8 also showed some trace of GUS staining but the highest 

intensity of staining appeared in leaf #4 (Figure 3 .3 .22-B-c). In petiole segments, GUS 

staining appeared from leaf # 2 to leaf # 7 but not in #8, with staining most concentrated at 

leaf # 2, # 3 and # 4 (Figure 3 .3 .22-B-d). 

In l ine # 1 1 , the GUS staining in the axillary bud! stolon segments was intense at leaf # I and # 

2, and then decreased to leaf # 8 (Figure 3 .3 .22-C-a). In the trifoliate leaves, GUS staining 

was observed mainly in the petiolules, with highest intensity in leaf # 1 ,  after which it 

decreased until leaf # 6, before it increased in leaf # 7 (Figure 3 .3 .22-C-b). GUS staining in 

the leaf lamina tissue was observed in leaves # I ,  # 2 and leaf # 4, with the highest intensity 

of GUS staining in leaf # 2 (Figure 3 .3 .22-C-c). In petiole segments, GUS staining was 
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Figure 3.3.22 GUS sta in ing analysis of three l ines of white clover 

transformed with the p TR-AC01 ::GUS construct 

A. Selected tissues of transgenic l ine # 1 

B .  Selected tissues of transgenic l ine # 3 

C. Selected tissues of transgenic l ine # 1 1  

The selected plant tissues were stained by X-Gluc, and then de-stained 

through an ethanol series.  The numbers at the top of each plate represent the 

node number. a = axi l lary bud, b = petiol u le,  c = lamina, d = middle section of 

leaf petiole 

The ci rcles refer to stained tissue used for subsequent cel lu lar analysis of G US 

staining ( refer Fig 3.3.26) 
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detected in leaves # 2 ,# 3 and leaf # 7 with the h ighest intensity of staining concentrated at 

leaf # 2 (Figure 3 . 3 .22-C-d). 

3.3.3.4 Primary GUS staining patterns In the 

pTR-A C02::GUS transformed white clover plants 

Twenty five potentially independent lines of white clover putatively transformed with the 

p TR-AC02::GUS construct were screened by GUS staining once they had developed 3 to 4 

trifoliate leaves. Twenty two plants displayed a blue colour within the apical structure. Three 

of those positive plant lines (# 1 ,  # 1 2, and # 1 9) were selected for Southern blot analysis 

(Section 3 . 3 . 3 . 1 )  to confirm that they were independent l ines and to determine the copy 

number of inserted GUS gene (Figure 3 . 3 . 1 8). When these three plants had developed stolons 

comprising 7 to 9 leaves, three different stolons from same plant were analyzed for the pattern 

of GUS staining and the staining of tissues from a representative stolon from each l ine is 

shown as Figure 3 .3 .23 .  In terms of an overall picture, staining was more pronounced in the 

axillary buds and in the petiolule tissue when compared with the leaf lamina and petiole. In 

terms of leaf ontogeny, staining was higher in the newly-initiated and mature-green tissues 

and then gradually decreased in the senescent plant parts (Figure 3 .3 .23). 

The GUS staining in the axillary bud! stolon segments of l ine # 1 ,  started to appear from leaf 

# 1 and increased in intensity to leaf # 8 (Figure 3 .3 .23-A-a). In the trifoliate leaves, GUS 

staining was observed in the petiolules, and staining intensity increased from leaves # 2 to # 4 

before declining to leaf # 8 (Figure 3 .3 .23-A-b). GUS staining in leaf lamina tissues can be 

observed in leaves # 3 to # 8, but the highest intensity of staining appeared in leaves # 7 and # 

8 (Figure 3 .3 .23-A-c). In the petiole segments, GUS staining was apparent from leaf # 2 to 

leaf # 6, with the most intense staining concentrated at leaves # 3 and # 4 (Figure 3 .3 .23-A-d). 

In line # 1 2, GUS staining in the axillary bud! stolon segments started to appear from leaf # 1 

and was observed through to leaf # 8 with the highest intensity in # 4 and # 5 (Figure 
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Figure 3.3.23 GUS staini ng analysis of th ree l i nes of wh ite clover 

transformed w ith the p TR-A C02::GUS construct 

A. Selected tiss ues of transgenic l ine # 1 

B. Selected tissues of transgenic l ine # 1 2  

C. Selected tissues of transgenic l ine # 1 9  

The selected plant tissues were stained by X-Gluc ,  and then de-stained 

through an ethanol series . The num bers at the top of each plate represent the 

node num ber. a = axil lary bud, b = petiol ule, c = lamina, d = middle section of 

leaf petiole 

The ci rcles refer to stained tissue used for subseq uent cellular analysis of GUS 

stai ning (refer Fig 3 .3 .27) 
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3 . 3 .23-B-a). In the trifoliate leaves, GUS staining was observed mainly in the petiolules, with 

intense staining in leaf # 2 to leaf # 7 but less in leaf # 8 (Figure 3 .3 .23-B-b). The GUS 

staining in the leaf lamina tissues can be observed in leaves # 4 to # 7, with leaf # 2 showing 

some trace of GUS staining, but the most intense staining was observed in leaf # 5 (Figure 

3 .3 .23-B-c). In petiole segments, GUS staining appeared from leaves # 4 to # 8, as well as 

being detectable in leaf # 2. The most intense staining is observed in leaves # 4 and # 5 

(Figure 3 .3 .23-B-d). 

In line # 1 9, GUS staining in the axillary bud! stolon segments starts with intense staining 

from leaves # 1 to # 5, before a decline in staining intensity to leaf # 7 (Figure 3 . 3 .23-C-a). In 

the trifoliate leaves, GUS staining was observed mainly in the petiolules, with the most 

intense staining from leaf # 2 to leaf # 5 (Figure 3 . 3 .23-C-b). GUS staining in leaf lamina 

tissues was observed in leaf # 3 and leaf # 4, but it was only at a trace level (Figure 

3 . 3 .23-C-c). In petiole segments, GUS staining appeared from leaf # 2 to leaf # 5, with the 

most intense staining at leaf # 4 (Figure 3 . 3 .23-C-d). 

3.3.3.5 Primary GUS staining patterns 

pTR-A C03::GUS transformed white clover plants 

ID the 

Fifteen potentially independent lines of white clover putatively transformed with the 

p TR-AC03::GUS construct were screened by GUS staining once they had developed 3-4 

trifoliate leaves. N ine plants displayed a blue colour within the young leaf tissue. Three of 

those positive plant lines (# 1 ,  # 2,  and # 6) were selected for subsequent Southern analysis 

(section 3 .3 .3 . 1 )  to confIrm that they were independent l ines and to determine the copy 

number of the inserted GUS gene (Figure 3 . 3 . 1 9). When these three plants had developed 

stolons comprising 7 to 1 1  leaves, three different stolons, from same plant were analyzed for 

the pattern of GUS staining and a representative stolon from each line is shown as Figure 

3 . 3 .24. In general tenns, in these stolons, staining was more pronounced in the nodes when 
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Figure 3.3.24 GUS staining analysis of three l i nes of white clover 

transformed with the p TR-AC03::GUS construct 

A. Selected tissues of transgenic l ine # 1 

B. Selected tissues of transgenic l ine # 2 

C. Selected tissues of transgen ic l ine # 6 

The selected plant tissues were stained by X-Gluc, and then de-stained 

through an ethanol series. The numbers at the top of each plate represent the 

node number. a = axi l lary bud , b = petiolu le,  c = lamina, d = middle section of 

leaf petiole 

The circles refer to stained tissue used for subsequent cel l ular analysis of GUS 

staining (ref Fig 3.3.28) 
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compared with the petiolule, leaf lamina and petiole. I n  terms of leaf ontogeny, a general 

trend was that staining was more pronounced in the older tissues (Figure 3 . 3 . 24). 

GUS staining in the axillary bud! stolon segments of l ine # 1 ,  started to appear from leaf # 3 

and increased in intensity to leaf # 9 with the highest intensity in node # 6, # 8 and # 9 (Figure 

3 . 3 .24-A-a). In the trifoliate leaves, GUS staining was observed in the petiolules and started 

to increase in intensity from leaf # 3 to leaf # 9 with the highest intensity from leaves # 6 to # 

9 (Figure 3 . 3 .24-A-b). GUS staining in leaf lamina tissues was not observed in all leaf 

samples (Figure 3 .3 .24-A-c). In petiole segments, GUS staining was observed in leaves # 6, # 

8 and # 9, with the most staining intense staining at leaf # 9 (Figure 3 . 3 .24-A-d). 

In line # 2, GUS staining in the axillary bud! stolon segments started to appear from leaf # 1 

and increased in intensity to leaf # 7, and then decreased in staining intensity in leaves # 8 and 

# 1 0  (Figure 3 . 3 . 24-B-a). In the trifoliate leaves, GUS staining was observed mainly in the 

petiolules. Staining was observed from leaf # 1 to leaf # 4 and from leaves # 6 to # 1 0, with 

the highest intensity of staining observed in leaves # 2, # 3 and # 1 0  (Figure 3 . 3 .24-B-b). The 

GUS staining in leaf lamina tissues was also not observed in all samples (Figure 3 .3 .24-B-c). 

In petiole segments, GUS staining was detected in leaves # 2, # 3 and # 1 0  (Figure 

3 . 3 .24-B-d). 

In l ine # 6, GUS staining in the axillary bud! stolon segments appeared from leaf # 2 to # 1 1 , 

with most of the staining was concentrated in leaves # 3, # 6 and # 7. (Figure 3 . 3 .24-C-a). In 

the trifoliate leaves, GUS staining was observed mainly in the petiolules. The staining was 

detected from leaf # 4 to leaf # 7 and in leaves # 1 0  and # 1 1  (Figure 3 . 3 .24-C-b). GUS 

staining in leaf lamina tissues was not observed in all samples (Figure 3 . 3 .24-C-c). In petiole 

segments, GUS staining only appeared in leaf # 1 1 , and at a very low level (Figure 

3 .3 .24-C-d). 
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pTR-AC04::GUS transformed white clover plants 
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the 

Forty potentially independent l ines of white clover putatively transformed with the 

pTR-AC04::GUS construct were screened by GUS staining once they had developed 3-4 

trifoliate leaves. Thirty three plants displayed a blue colour within the young leaf tissue. Three 

of those positive p lants (# 1 ,  #22, and #26) were selected for subsequent Southern analysis 

(section 3 . 3 . 3 . 1 )  to confIrm that they did represent independent l ines and to determine the 

copy number of the inserted GUS gene (Figure 3 .3 .20). When these three plants had 

developed sto10ns comprising 7 to 9 leaves, three different stolons, from same p lant were 

analyzed the GUS expression pattern. In these sto10ns, staining was more pronounced in the 

node than in the petiolule, leaf lamina or petiole. In terms of leaf ontogeny, staining was 

generally higher in the mature green and senescent tissues (Figure 3 . 3 .25) .  

GUS staining in the axillary bud! stolon segments of line # 20 appeared from leaf # 1 and 

increased in staining intensity to leaf # 5, after which the intensity of staining remained 

constant ( Figure 3 . 3 .25-A-a). In the trifo1iate leaves, GUS staining was first observed (at trace 

levels) in the petiolule from leaf # 1 ,  and then staining increased in intensity to leaf # 3, and 

then staining was maintained through to leaf # 8 (Figure 3 .3 .25-A-b). GUS staining in leaf 

lamina tissues was observed in leaves # 2 to # 4 and leaf # 8 (Figure 3 . 3 .25-A-c). In petiole 

segments, GUS staining can be observed in leaves # 2, # 3 and leaf # 5 to leaf # 8. The most 

intense staining is observed at leaf # 9 (Figure 3 . 3 .25-A-d). 

In line # 22,  GUS staining in axillary bud! stolon segments appeared from leaf # 1 to leaf # 9, 

with the most intense staining observed in leaves # 4, # 6,# 7 and # 8 (Figure 3 .3 .25-B-a). In 

the trifo1iate leaves, GUS staining was observed mainly in the petio]u]es of leaves # I to # 9 

with the most intense staining observed in leaf # 2, after which staining intensity decreased 

toward to l eaf # 9 (Figure 3 .3 .25-B-b). GUS staining in leaf lamina tissues was not observed 

in all leaf samples (Figure 3 . 3 .25-B-c). In  petiole segments, GUS staining also was not 
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Figure 3.3.25 GUS sta in ing analysis of three l i nes of white clover 

transformed with the p TR-AC04::GUS construct 

A.  Selected tissues of transgenic l ine # 1 

B .  Selected tissues of transgenic l ine # 22 

C. Selected tissues of transgenic line # 26 

The selected plant tissues were stained by X-Gluc, and then de-stained 

through an ethanol series. The numbers at the top of each plate represent the 

node number. a = axi l lary bud, b = petiolule, c = lamina, d = middle section of 

leaf petiole 

The circles refer to stained tissue used for subsequent cel lu lar analysis of G US 

staining (refer Fig 3.3.29) 
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detected in all leaf samples (Figure 3 .3 .25-B-d). 

In line # 26, GUS staining in the axillary bud! stolon segments increased in intensity from 

leaves # 2 to # 5 and then remained more constant through to leaf # 8 (Figure 3 . 3 .25-C-a). In 

the trifoliate leaves, GUS staining was observed mainly in the petiolules. Staining was 

detected from leaf # 1 to leaf # 8, but was most intense at leaves # 6 to # 8 (Figure 

3 .3 .25-C-b). The GUS staining in leaf lamina tissues was observed in leaf # 6 to # 8, and was 

most intense in leaf # 8 (Figure 3 . 3 .25-C-c). In petiole segments, GUS staining appeared in 

leaves # 6 and # 8 (Figure 3 .3 .25-C-d). 

3.3.3.7 Cellular expression pattern of GUS staining in white 

clover transformed with the pTR-A C01::GUS construct 

For p TR-AC01, the highest intensity of staining in the apical structure of the stolon is 

observed in the ground meristem tissue and in the developing leaves (Figure 3 .3 .26-A). At a 

higher magnification of the apical structure, a much lower intensity of GUS staining is 

observed in the SAM dome and in newly initiated leaf primordia (Figure 3 .3 .26-B). In a 

longitudinal section through a young node (node # 2), the highest intensity of GUS staining is 

observed in the stolon tissue and included the cortical tissue, vascular tissue and pith (Figure 

3 . 3 .26-C). In the axil ,  staining was more intense in the ground meristem tissue, but was much 

lower in the SAM region, leaf primordia and in the subtending sheath tissue (Figure 3 . 3 . 26-D). 

In a longitudinal section through older node tissue (node # 6), the intensity of staining was not 

as marked as that observed in the tissues comparising a young node. However, in common 

with the young node tissue, highest staining intensity was observed in the stolon tissue and in 

particular was associated with the vascular tissue. In this node, both the axillary bud and the 

developing nodal root were observed. In the axillary bud, the ground meristem (basal) tissues 

display the highest staining intensity, with a much lower intensity observed in the SAM. 

However, for the root initial, a higher intensity of staining was observed in epidermaU outer 
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A #1 #1 

( 1 0  x) x) 

( 10  x) x) 

Figure 3.3.26 GUS-stain ing of selected tissues of p TR-AC0 1::GUS 

transformed wh ite clover (Legend detai ls see overpage) 
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G #5 

(4 x) 

I #4 

(20 x) 

Figure 3.3.26 GUS-stain ing of selected tissues of p TR-AC01::GUS transformed 

white clover 

Tissues were stained by X-Gluc and de-stained through an ethanol series. The 

samples were fixed in paraffin chips and sectioned to 1 5-20 IJm 

A- B. Longitudinal section of the apical structure of the stolcn 

C-D.  Longitudinal section through an axi l lary bud subtending from node # 2 

E- F. Longitudinal section of axi l lary bud from node # 5 and # 6 

G. Transverse section of an internode between node # 5and # 6 

H-J . Transverse section of the petiolule from leaf # 4 

Sh= sheath, SAM= shoot apical meristem, AM= apical meristem,  L= leaf, LP= leaf 

primordium, C= cortex, G= ground meristem, P= pith , V= vascular bundle, Ax= axi l lary 

bud, Rb= root bud, Pe= petiole ,  X= xylem 
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cortex region as compared with that in the ground meristem tissue (Figure 3 .3 .26-E, F).  In a 

transverse section of node # 5, higher intensity of staining was observed in the subtending 

petiole as compared with that in the main stolon. In the main stolon, staining was observed in 

the vascular tissue, pith and cortex. Very little staining was observed in the vascular bundles 

in the sheath enclosing the main stolon (Figure 3 .3 .26-G). In the petiolule tissue from a leaf 

excised from node # 4, staining was observed in all cell types present in cross-section, 

although the highest intensity of staining was in the vascular strand, with less staining evident 

in the central xylem tissue (Figure 3 .3 .26-H, I). The number of tissue dissections examined 

and the consistency of staining is displayed in Table 3 . 3 . 1 .  

3.3.3.8 Cellular expressIOn pattern of GUS staining white 

clover transformed with the pTR-A C02::GUS construct 

For the pTR-A C02::GUS transformed plants, a longitudinal section through a young! mature 

node (node # 4) reveals that GUS staining was mostly localized in the stolon tissue, and 

included the cortical cells, pith and the vascular tissue, but was less intense in the sheath 

(Figure 3 .3 .27-A). At higher magnification, staining was again more intense in the ground 

tissue of the axillary bud and cortex of the stolon as compared with that in the SAM, and in 

the newly initiated leaf promordia (Figure 3 .3 .2 7-B). In a transverse section of the node (node 

# 6), higher intensity of staining was observed in the subtending petiole than in the main 

stolon, with staining highest in the vascular tissue of the petiole. Much less staining was 

observed in the vascular bundles in the sheath. In the main stolon, staining is highest in the 

vascular bundles, but is also detectable in the pith and cortex (Figure 3 .3 .27-C). At higher 

magnification of the vascular tissue, staining was observed in the phloem tissue, in the 

vascular cambium and in the differentiating fibres that form a cap of cel ls internal to the 

xylem elements (Figure 3 .3 .27-D). In the transverse section of the petiolule tissue excised 

from node # 5, GUS staining was most intense in the parenchyma cells associated with the 
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A Section tissues Stages Leaf number TR-ACOl TR-AC02 TR-AC03 TR-AC04 

Apical bud/ Y (# 1 -# 2) 19 (3G; 3C,3C,3C) - -
axillary bud M (# 3-# 6) 6 (3G; 2C,2C,2C) 5 (3G; 2C, IC , lC) - � (3G; 2C,2C,lC)  

S (# 7-# 9) 5 (3G; 2C,2C,IC) -- � (3G; 2C,2C,IC) 10 (3G;  4C,3C,3C) 

Stolonlnode Y (# 1 -# 2) - 1 ( l G; lC) � (2G; l C, IC)  

M (# 3-# 6) 2 (2G; lC,IC) 10 (3G;4C,3C,3C) - 1 ( lG; l C) 

S (# 7-# 9) 1 (IG; lC) 2 (2G; IC,IC) 5 (3G; 2C,2C,IC) 8 (3G; 3C,3C,2C) 

tpetiolule Y (# 1 -# 2) � (2G; lC,IC) - - 1 ( lG;  l C) 

M (# 3-# 6) � (2G; lC, l C) � (3G; 3C,3C,2C) - 2 (2G; lC,IC) 

S (# 7-# 9) � (2G; 2C, IC) 13 (3G; lC,IC,IC) � (3G; 2C,2C,IC) , (3G; 3C,3C,3C) 

B Section tissues Stages Leaf number TR-ACOl TR-AC02 TR-AC03 TR-AC04 

Apical bud/ Y (# 1 -# 2) 9 (7) -- --

axillary bud M (# 3-# 6) 6 (6) 5 (5) -- 5 (4) 

S (# 7-# 9) 5 (5) -- 5 (5) 10 ( 1 0) 

Stolonlnode Y (# 1 -# 2) - -- 1 ( 1 )  2 (2) 

M (# 3-# 6) 2 (2) 10 (9) -- I ( 1 )  

S (# 7-# 9) 1 ( 1 )  2 (2) 5 (5) 8 (8) 

tpetiolule Y (# 1 -# 2) 2 (2) -- -- 1 ( 1 )  

M (# 3-# 6) 2 (2) 8 (8) -- 2 (2) 

S (# 7-# 9) 3 (3) 3 (3) 5 (5) 9 (9) 

Table 3.3 .1  Numbers of sections examined by GUS sta in ing (A), and 

consistency of sta in ing of transgenic white clover l ines (8) 

A. The section tissues indicate the dissected tissues which were exami ned in this 

thesis. The stages represent the leaf growth along stolon as different 

developmental stages, Y= newly initiated stage, M= mature-green stage, S= 

senescence stage .  The leaf number indicates the tissues selected, u nder each 

developmental stage. The numbers ( in bold) under each gene represent the 

frequency of tissue d issection from different stolons. The following n umbers in  

parenthesis represent the total number of genotypes sampled (as x G);  fol lowed by 

the number of vegetative clones sampled from each genotype (as y C). 

B .  The numbers under each gene represents the frequency of tissue dissection from 

different stolons. The number in parenthesis represents the number of sections 

that displayed the consensus pattern of stain ing that is represented as Fig 3.3.26 

( TR-AC0 1) ,  Fig 3.3.27 ( TR-AC02), Fig 3.3.28 ( TR-AC03) , Fig 3.3.29 ( TR-AC04) . 



(10  x) 

C #6 

(4 x) 

E #4 

(4 x) 

1 79 

Figure 3.3.27 GUS-stain ing of selected tissues of p TR-AC02::GUS 

transformed white clover (Legend detai ls see overpage) 
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Figure 3.3.27-Legend GUS-stain ing of selected tissues of p TR-AC02::GUS 

transformed white clover 

Tissues were stained by X-Gluc, and de-stained through an ethanol series . The 

samples were fixed in paraffin chips and sectioned to 1 5-20 IJm 

A-8 . Longitudinal section of axi l lary bud from node # 4 

C-D. Transverse section of an internode between node # 5 and # 6 

E-F . Transverse section of petiol ule from leaf # 4 and # 5 

Sh= sheath ,  G= ground meristem , AM= apical meristem, LP= leaf primordium, C= 

cortex, P= pith, V= vascular bundle ,  Ax= axi l lary bud ,  Pe= petiole, VC= vascular 

cambium, SP= sclerenchyma and phloem,  X= xylem , Ph= ph loem , F= fibres , N= 

node 
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vascular tissue, although staining was also be observed in the more highly vacuolate cells of 

cortex (Figure 3 .3 .27-G, H). The number of tissue dissections examined and the consistency 

of staining is displayed in Table 3 .3 . 1 .  

3.3.3.9 Cellular expressIon pattern of GUS staining white 

clover transformed with the pTR-A C03::GUS construct 

In longitudinal sections of a mature node/ node at the onset of senescence (Node # 8), GUS 

staining was observed in both the cortical cells and the vascular tissue, with the highest 

intensity of staining localised in the cortical cells below the axillary bud, and in the vascular 

tissue in the sheath (Figure 3 . 3 .28-A). At higher magnification, staining in the SAM of the 

axillary bud and in the newly initiated leaf primordia was very much lower than in the ground 

meristem cells .  Staining was also observed in the leaf tissue (Figure 3 .3 .28-B, C). In a 

transverse section of the node (node # 5), higher intensity of staining was observed 

throughout the vascular bundles in the main stolon and in the enclosing sheath, than in the 

pith or cortex of the main stolon (Figure 3 .3 .28-D). In transverse sections of the petiolule 

from node # 8, the intensity of staining was highest in the sclerenchymatous sheath of cells 

associated with the vascular tissue although the central vascular tissue xylem and the cortex 

were stained at lower intensity (Figure 3 .3 .28-E, F). The number of tissue dissections 

examined and the consistency of staining is displayed in Table 3 .3 . 1 .  

3.3.3.10  Cellular expression pattern of GUS staining white 

clover transformed with the pTR-A C04::GUS construct 

In longitudinal sections of a mature node/ node at the onset of senescence (node # 7), staining 

in the SAM of the axillary bud and in the newly initiated leaf primordia was almost absent as 

compared with ground pith cells, but staining was observed in the sheath and leaf tissue 

(Figure 3 .3 .29-A, B). I n  a transverse section of the internode (node # 6), higher intensity of 

staining was observed throughout the vascular bundles in the main stolon, with much less 
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B #8 

(10 x) 

D #8 

(4 x) 

E • F • 

(4 x) (10 x) 

Figure 3.3.28 GUS-sta in ing of selected tissues of p TR-AC03::GUS 

transformed white clover (Legend detai ls see overpage) 
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Figure 3.3.28-legend GUS-stain ing of selected tissues of p TR-AC03::GUS 

transformed white clover 

Tissues were stained by X-Gluc and de-stained through an ethanol series. The 

samples were fixed in paraffin chips and sectioned to 1 5-20 IJm 

A-C. Longitudinal section of axi l lary bud from node # 8 and # 9 

o . Transverse section of an internode between node # 8 and # 9 

E-F . Transverse section of petiol ule from leaf # 8 

Sh= sheath ,  G= ground meristem, AM= apical meristem , L= leaf, LP= leaf 

primordium, C= cortex, P= pith , V= vascular bundle, Ax= axi l lary bud, Pe= petiole, 

VC=vascular cambium,  SP= sclerenchyma and phloem, X= xylem , Ph= phloem , 

F= fibres , N= node 
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B #7 

(20 x) 

D #6 

(20 x) 

E #7 F #7 

(4 x) (10 x) 

Figure 3.3.29 GUS-stain ing of selected tissues of p TR-A C04::GUS 

transformed white clover (Legend detai ls  see overpage) 
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Figure 3.3.29-legend GUS-staining of selected tissues of p TR-AC04::GUS 

transformed wh ite clover 

Tissues were stained by X-Gl uc and de-stained through an ethanol series. The 

samples were fixed in  paraffi n  chips and sectioned to 1 5-20 �m 

A-B .  Longitudinal section of axi l lary bud from node # 7 

C-D.  Transverse section of  an internode between node # 6 and # 7 

E-F. Transverse section of peti loule from leaf # 7 

Sh= sheath, G= ground meristem, AM= apical meristem, L= leaf, C= cortex, P= 

pith , V= vascular bundle, Ax= axi l lary bud, VC=vascular cambium, SP= 

sclerenchyma and phloem, X= xylem, Ph= phloem, F= fibres, N= node 
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evidence of staining observed in the p ith or cortex of the main stolon (Figure 3 . 3 .29-C). At 

higher magnification, staining was highest in the vascular cambium tissue, and in the fibre 

cells internal to the xylem vessels. No staining was observed in the phloem or fibre cells 

external to the phloem (Figure 3 .3 .29-D). In transverse sections of the petiolule from node # 7, 

the intensity of staining was, again, highest in the sc1erenchymatous sheath of cells associated 

with the vascular tissue, but was hardly detectable in the cortex ( Figure 3 .3 .29-E, F).  The 

number of tissue dissections examined and the consistency of staining is displayed in Table 

3 .3 . 1 .  

3.3.4. In situ hybridization studies of TR-A CO expressIon ID 

white clover 

3.3.4. 1 Cellular expression pattern of TR-A COl 

The expression pattern determined using in situ hybridization was broadly similar to that 

determined in the pTR-AC01 : :GUS transgenic plants. However, in the apical structure, 

hybridization was most readily detected in the shoot apical meristem (SAM), leaf primordium, 

developing leaves, and in the ground meristem. In the SAM, staining was detected as large 

blue colour spots in most cells  of the SAM, the leaf primordium, and in the first and the 

second developing leaves. However, below the corpus of the SAM and unlike the GUS 

staining, the ground meristem tissue did not show any significant evidence of blue staining 

(Figure 3 . 3 . 3 0-A, B, C).  

In the axillary bud structure (node # 3), TR-ACOl expression is similar to that of the SAM 

pattern, with the blue staining detectable in most cells of the leaf primordium and apical 

meristem (AM). In the ground meristem, blue staining was detectable in most cel ls (Figure 

3 . 3 .30-D, E) when compared with the negative control samples (Figure 3 . 3 .3 0-F). 

In a transverse section of the stolon internode (node # 3), staining can be detected in the pith, 

cortex, and vascular bundles (Figure 3 . 3 .30-G). At higher magnification, cel ls  in the pith 
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Figure 3.3.30 In situ hybri d ization ana lysis of white clover tissues by 

3'-UTR specif ic probe of TR-AC01 (Legend details see over page) 
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Figure 3.3.30 In situ hybrid ization analysis of white c lover tissues by 

3�-UTR specific probe of TR-AC0 1 

Wild-type tissues were fixed and sectioned into 1 5-20 �M.  The hybridization and 

washes were at high stringency condition and the sl ides were stained by 

BCI P/NBT and de-stained in TE buffer. 

A-C .  Longitudinal section of the apical structure of the stolon 

D-E .  Longitudinal section of an axi l lary bud subtending node # 3 

F . Negative control (sense probe) on longitudinal section of apical bud (# 3) 

G-H. Transverse section of stolon internode proximal to node # 3 

I - J .  Transverse section of the petio lu le of leaf # 3 

Sh= sheath , G= ground meristem , SAM= shoot apical meristem, AM= apical 

meristem , L= leaf, LP= leaf primordium , C= cortex, P= pith, V= vascular bundle,  

Ax= axi l lary bud, Pt= petiole, VC=vascular cambium, SP= sclerenchyma and 

phloem, X= xylem,  Ph= phloem, F= fibres , uF= undifferentiated fibres, N= node 
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displayed more intense staining than cells  of the cortex (Figure 3 .3 .30-H). In contrast, staining 

of the epidermal cells was hardly detectable. In the vascular bundles, most colour was 

concentrated in the fibre parenchyma cells associated with the xylem and the phloem. (Figure 

3 .3 . 30-G, H). 

In the petiolule (node # 3), a faint blue colour was observed in the parenchyma cells of the 

cortex, but more dense blue spots were concentrated in the vascular bundle. In the bundle, the 

deepest blue colour can be detected in the sclerenchymatous cells surrounding the central 

xylem (Figure 3 .3 .30-1, J). 

3.3.4.2 Cellular expression pattern of TR-A C03 

The expression patterns of TR-A C03 determined by in-situ hybridization also coincided 

broadly with that revealed using aus staining of pTR-AC03::GUS transgenic plants. In the 

apical structure, a faint blue colour of hybridization was observed in the shoot apical 

meristem (SAM), leaf primordium, developing leaves, and ground meristem (Figure 

3 .3  .3 1 -A). Higher magnification of the shoot apical meristem, revealed dense blue staining in 

the first and secondary layers of cells of SAM and leaf primordium, and less dense staining of 

most cells  of newly initiated leaf (Figure 3 .3 .3 1 -B). 

In the axillary bud structure (node # 7), the staining in the stolon was detectable only faintly 

in the pith and cortex. A more dense blue colour was concentrated in the vascular traces and 

the axillary bud and leaf primordium (Figure 3 .3 .3 1 -C). At higher magnification, more dense 

blue staining was detected in the SAM and leaf primordium cells (Figure 3 .3 .3 1 -D) than was 

detected in the negative control samples (Figure 3.3 . 3 1 -E). 

In the stolon (node # 8), the blue colour was most dense in the cel ls  of the vascular bundle, 

and was hardly detectable in the pith and cortex cells (Figure 3 .3 .3 1 -F). At higher 

magnification of the vascular bundle, the main cell types in which putative TR-AC03 

expression was observed were the fibre parenchyma cel ls, cambium cells and fibre cells 
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Figure 3.3.31 In situ hybridization analysis of white clover tissues by 

3 '-UTR specific probe of TR-AC03 (Legend detai ls see overpage) 
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Figure 3.3.31 In situ hybrid ization analysis of white clover tissues by 

3'-UTR specific probe of TR-AC03 

Wild-type tissues were fixed and sectioned into 1 5-20 IJM .  The hybrid ization and 

washes were at h igh stringency condition and the sl ides were stained by 

BCI P/NBT and de-stained in TE buffer. 

A-8 .  Longitudinal section of the apical structure of the stolon 

C-D. Longitudinal section of an axi l lary bud subtending node # 7 

E . Negative control (sense probe) on longitudinal section of axi l lary bud (# 7) 

F-G. Transverse section of stolon internode between node # 7 and # 8 

H-J . Transverse section of the petiolule of l eaf # 8 

Sh= sheath , G= ground meristem, SAM= shoot apical meristem, AM= apical 

meristem , L= leaf, LP= leaf primordium, C= cortex, P= pith , V= vascular bundle, 

Ax= axi l lary bud, Pt= petiole, VC=vascular cambium, SP= sclerenchyma and 

phloem, X= xylem , Ph= phloem, F= fibres , uF= undifferentiated fibres , N= node 
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internal to the xylem (Figure 3 .3 .3 1 -F, G). 

In  the petiolule (node # 8), the blue colour was most concentrated in the vascular bundle, but 

staining was also evident in the cortex. In the bundle, the deepest blue colour was detected in 

the sc1erenchymatous cells that surround the phloem and xylem (Figure 3 .3 .3 1 - H, I, J). 



Chapter 4 Discussion 

4.1  Isolation of promoter sequences 

4. 1 . 1 .  Determination of criteria for promoter selection 
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Amplification of each promoter sequence was achieved using the Genome Walker™ method 

(Section 2.7) .  The results indicated that the length of most isolated sequences ranged from ca. 

500 bp to 1 750 bp, and the maximum length of sequences derived from each gene are 1 264 

bp (PTR-AC03-2), 1 440 bp (pTR-ACOl), 1 566 bp (PTR-AC03-l) and 1 750 bp (pTR-AC02). 

Since the pTR-AC03-l and pTR-AC03-2 sequences were isolated from the same digested 

library (StuI), and was based on the TR-AC03 cDNA, sequence comparison showed high 

identity over the coding sequence and the 5 '-UTR regions. Therefore, to get more information 

in order to separate the two sequences, another amplification was performed from 

pTR-AC03-2. A ca. 500 bp fragment was thus obtained giving a 1 654 bp sequence in total for 

pTR-AC03-2. After alignment of each sequence with the original cDNA, more than 1 000 bp 

upstream from the translation start codon (ATG) was identified. For example, pTR-ACOl is 

1 006 bp, pTR-AC02 is 1 5 1 0  bp, p TR-AC03-2 is 1 350 bp, and pTR-AC03-l is 1 250 bp. 

In comparison with expression experiments using ACC oxidase promoters from other species, 

variable 5 '  flanking sequences are used for ranging from several hundred base pairs to around 

two thousand base pairs. For example, in melon, a 726 bp sequence was isolated from 

CM-ACOl and a 2260 bp sequence was isolated from CM-AC03, and each promoter directed 

tissue-specific expression and stimuli-specific response patterns (Lasserre et al . ,  1 997). In 

tomato, a 1 922 bp, a 493 bp, and a 22 1  bp 5 '  flanking sequence from LE-ACOl was fused 

with the GUS reporter gene and transformed into tomato. The analysis showed that the 493 bp 

fragment is sufficient to direct tissue-specific expression when compared with the endogenous 

expression pattern of LE-A COl (Blume and Grierson, 1 997). In apple, 450 bp, 1 1 59 bp, and 
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1 966 bp sequences of the AP4 ACC oxidase were fused with the GUS gene and transformed 

into tomato to assay the expression pattern. The results indicated that the 450 bp fragment was 

sufficient to drive GUS expression, and both longer fragments ( 1 1 59 bp and 1 966 bp) did not 

show any difference in the pattern of expression (Atkinson et aI., 1 998). Therefore, since the 

length of the 5 - flanking sequence isolated from each TR-ACO genes in this thesis are over 

1 000 bp, it puts them in the middle of pAP4 series ( 1 1 5 9  bp) and they are longer than the 

CM-AC01 (726 bp) sequence used. Thus they were used as further transformation assays and 

sequence analysis in this thesis. 

4.1 .2.  Frequency of panhandle structures 

During the isolation of the promoter sequences, many large DNA fragments were amplified 

from most digested libraries (section 3 . 1 . 1 , 3 . 1 .2, and 3 . 1 . 3 ). After sequencing, most of these 

were shown to be non-specific DNA fragments. This is because the gene specific primers 

designed originally had relatively low T ID values, and a feature of the Genome Walker™ kit is 

that panhandle structures can form. If the annealing temperature falls to 68°C, non-primer 

binding fragments wil l  anneal to both ends of the adaptors to form a panhandle loop structure. 

If both adaptor primers anneal to the fragments before the panhandle structure is formed, 

non-targeted sequences will be amplified. That may be the reason why every library had 

smearing or other very faint bands after electrophoresis. As the original three cDNA 

sequences isolated from Hunter et al. (Hunter et aI., 1 999) were used to design primers, it was 

difficult to design gene-specific primers at the 5' end with a high Tw. As a consequence, many 

non-specific fragments were detected during amplification. 
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4.2 Confirmation of isolated sequences as TR-ACO 

promoters 

4.2 . 1 .  Overlapping sequences 

To confIrm that the sequences isolated were TR-ACO promoters, two levels of analysis were 

carried out. The frrst level was to use a BLAST-n search to align similar sequences of other 

species in the Genebank database. From this analysis, it may be possible get a broad view of 

sequence structure, and the relationship to ACC oxidase genes of different species. As a 

second level, analysis was through the use of GCG or other programme tools to pairwise the 

known TR-ACO gene coding sequence and the isolated promoter sequence. From this analysis 

it should be possible to confrrm the overlapping coding sequences with the known cDNA 

sequences and then determine the location of the intron sequences. 

For the TR-ACOl promoter, the BLAST-n search revealed that the 5 � end regulatory 

sequence upstream of the translation start codon (ATG) site did not show any sequence 

identity, but downstream of the ATG codon, more than 90 bp shared high identity. This 

implies that the TR-A COl promoter sequence may be an unique sequence, and its regulation 

mechanism might differ from other ACC oxidase genes. It also implies that there are only a 

few ACC oxidase promoter sequences that have been cloned and deposited in the Genebank 

database. Indeed, there are only 25 ACO promoter sequences from 1 2  different plant species 

that have been cloned thus far. In the gene coding sequence, the most identical sequence is the 

TR-ACOl partial CDS deposited by Hunter et.al.( 1 999), and then the pea PE8 (GI I 1 69040) 

and mung bean VR-ACOl (Kim and Yang, 1 994)(section 3 . 1 . 1 .4). These results reveal that the 

TR-A COl gene might be related to other legumes. 

Another benefIt of the Genebank sequence alignment is that some ACO genes compnse 

cDNA sequences, while others are genomic sequences, and so when these sequences were 
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aligned with the existing cDNA sequence, a gap is observed suggesting the position of the 

first intron. For TR-AC01, the first intron is located between the reverse primer and the ATG 

cod on, and the introns differ in sequence between ACO genes of different species. For most 

ACO genes, the distance from the ATG codon to the first intron is about 1 05 bp long, so the 

cloned TR-ACOl promoter sequence not only provided the first intron sequence data, but also 

provided the 5 '-UTR sequence that was not determined by the RT-PCR approach employed 

by Hunter et a1. ( 1 999). 

Using BLAST-n analysis, the TR-ACOl translation start site (ATG) has also been located 432 

bp upstream of the 3 '-reverse primer sequence used in the GenomeWalker cloning. 

Sequencing and pairwire analysis reveals that the first intron of TR-ACOl is located 1 05 bp 

downstream of the ATG site, and the first two bases in the intron are GU and the last two are 

AG, which are consensus boundary sequences for intron splicing (Sharp, 1 994). 

From the GCG programme, pairwise results reveal that the sequence downstream from 

intron-I comprises 1 30 bp and is 1 00 % identical to the known TR-ACOl codon sequence. 

Another 27 bp upstream from the intron is also identical to the known coding sequence. 

Together both sequences comprise 14% of the total known coding sequence of TR-AC01 . 

Since this region is specific to TR-AC01, and distinct from the TR-AC02 and TR-AC03 

genes, it adds to the confirmation that the isolated 5 '  flanking sequence is derived from the 

TR-ACOl gene. 

For TR-AC02, in common with TR-A C01, BLAST-n searching of the Genebank database 

using the 5 '-regulatory sequence upstream of the translation start codon (ATG) site did not 

show any sequence similarity with other sequence in the database. However, downstream of 

the ATG codon, there were more than 80 sequences that shared high identity. Again, this may 

imply that the TR-A C02 promoter sequence is a unique sequence, and its regulatory 

mechanisms may differ from the other ACC oxidase genes. 
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When aligning with gene coding sequences of other AeO genes, the most identical sequence 

is Medicago truncatula MF-ACCO (GI I 1 73427 1 0), then the TR-AC02 cDNA (Hunter et aI., 

1 999) and then an AeO from peach fruit, PP-ACOl (Ruperti et aI., 200 1 ). Again, via 

comparison with these 80 sequences (as both cDNA and genomic sequences), a gap appeared 

in the alignment to indicate the position of the fIrst intron. Again, this sequence differed from 

other AeO genes, and the distance from the ATG codon to the fust intron splice site was 1 03 

bp long. 

Using BLAST-n, the TR-AC02 translation start site (ATG) has also been located 3 1 7  bp 

downstream of the 3 '-reverse primer sequence used in the GenomeWalker cloning. 

Sequencing and pairwise analysis reveals that the fust intron of TR-AC02 is located 1 03 bp 

downstream of the ATG site, and the fIrst two bases in the intron are GG and the last two are 

GT, which are consensus boundary sequences for intron splicing (Sharp, 1 994). 

Pairwise analysis also reveals that the sequence downstream from the fIrst intron comprises 

1 1 0 bp and is 1 00 % identical to the known TR-AC02 coding sequence. Another 22 bp 

upstream from the intron is also identical to the known coding sequence. Together both 

sequences comprise 1 4% of total known coding sequence of TR-AC02, and since this region 

is specifIc to TR-AC02, and distinct from the TR-ACOl and TR-AC03 genes it again supports 

the assertion that the isolated 5' flanking sequence is derived from the TR-AC02 gene. 

Because the TR-AC03-1 and TR-AC03-2 promoter sequences were isolated from same 

library it implies that two distinct TR-AC03-like genes and promoter sequences occur in the 

white clover genome. This maybe because there are two alleles from the same gene or a new 

TR-ACO gene has been isolated. Sequence comparison revealed that the coding sequences 

share highly identity, but the promoter sequences were distinct. 

A BLAST-n comparison of the TR-AC03-1 and TR-AC03-2 sequences with others in the 

database revealed no identity with the other AeO sequences upstream of the ATG site, 
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including each other. I n  the coding sequence downstream of the ATG cod on, there were more 

than 1 00 sequences that had some sequence identity. The sequence with highest percentage 

identity to either TR-AC03-J or TR-AC03-2 coding sequences was the TR-AC03 partial CDS 

deposited by Hunter et a1. ( 1 999), and then MT-ACCO from Medicago truncatula 

(GI I 1 73427 1 0) and PL-ACOJ from lima bean (GI I 1 8 1 5 7332). Comparison with these 

sequences against the cDNA sequence identified a gap indicating the first intron of both 

TR-AC03-J and TR-AC03-2. Another significant feature is the translation start site has a 

triple ATG codon in both TR-AC03-J and TR-AC03-2. This phenomenon is not observed in 

any other ACO sequences identified by BLAST searching. 

To confirm which ATG is the translation start site, a comparison with other ACO genes 

suggests that the second ATG may be the start cod on, because the most identical ACO genes 

to TR-AC03-J and TR-AC03-2 including M truncatula (MT-ACCO), P lunatus (PL-ACOl), 

and P vulgaris (P V-A COl), have the ATG site located 1 05 bp upstream of the first intron 

boundary. Also for TR-ACOJ and TR-AC02, the second ATG site is located 1 05 bp upstream 

from the first intron boundary. A further comparison of amino acid sequence initiated from the 

second ATG places a proline residue at amino acid position +5.  This proline at position 5 is 

conserved in all the ACO genes sequenced initially (Kadyrzhanova et aI., 1 997), and therefore, 

the second ATG is suggested to be the translation start site for both TR-AC03-J and 

TR-AC03-2. This analysis may also suggest that the structure of 5 '  end of the coding 

sequence of legume ACOs will always have a 1 05 bp coding sequence as the flrst exon, and 

then have a diverse length ( 1 00 bp -200 bp) within the first intron. 

Using the GCG programme pairwise analysis, the ATG start site of TR-AC03-J and 

TR-AC03-2 is shown to be located 356 bp and 344 bp upstream respectively of the 3 '-reverse 

primer sequence using the GenomeWalker cloning approach. Sequencing and pairwise 

analysis reveals that the first intron of both TR-AC03-J and TR-AC03-2 is located 1 05 bp 

downstream of the ATG site. The flrst two bases in the intron are GT and the last two are AG, 
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which are consensus boundary sequences for intron splicing (Sharp, 1 994). The sequence 

downstream from the intron comprises 1 09 bp and for both TR-AC03-J and TR-A C03-2 is 

1 00 % identical to the known TR-AC03 cDNA sequence. The 24 bp upstream from the intron 

of TR-AC03-2 is also identical to the known TR-AC03 cDNA coding sequence, but the 

TR-AC03-J has one bp difference to the known coding sequence. Together both sequences 

comprise 1 4  % of total known coding sequence of TR-AC03. Since this region is specific to 

both TR-AC03-J and TR-AC03-2, and also distinct from the TR-ACOJ and TR-AC02 genes 

it helps to confirm that one of the isolated sequences i s  derived from the TR-AC03 gene, and 

the second is a possibly new TR-ACO gene or another allele of the TR-AC03. However, the 

very diverse sequence of the promoter regions of TR-A C03-J and TR-AC03-2 support the 

view that these are distinct genes. 

4.2.2. Confirmation by Southern analysis 

Southern analysis using the 5 - flanking sequences of TR-ACOJ and TR-AC02 as probes, 

identified two fragments in each digested lane, although one large molecular mass fragment 

appeared in the Hind I I I  digest when probed with TR-ACOJ, suggesting that this may be due 

to incomplete digestion. When probing with the 5 - flanking sequences of TR-AC03-J and 

TR-AC03-2 only one fragment was hybridized to in each digested lane. Because these probes 

are specific, it suggests that in the white clover genome, TR-ACOJ and TR-AC02 occur as at 

least two copies and may be located on different genomes, but only one copy of TR-AC03-J 

or TR-AC03-2 occur on each genome. White clover has an allotetraploid genome, but the 

origin of the two diploid genomes in white clover is uncertain. The current view is that they 

arose from hybridization of the diploid species T nigrescens and the autotetraploid species T 

uniflorum (Badr et aI., 2002). Therefore, the two copies of TR-ACOJ and TR-A C02 may 

represent identical copies in both genomes as part of this hybridization process. In this regard, 

it is of interest that both TR-A C03-J and TR-A C03-2 appear as single copies suggesting that 



200 

each gene occurs in only one of the two genomes. To resolve this further, Southern analysis 

with the putative diploid progenitors of T. repens will be necessary, and these species include 

T. nigrescens, T. occidentale, T. uniflorum and T. ambiguum (Baker and Williams, 1 987). 

It is also worth noting that the hybridization pattern obtained when using the TR-AC03-l 5 � 

regulatory sequence as probe differed from that using the TR-AC03-2 probe. This is further 

evidence that these two sequences represent two genes. 

4.3 Gene structure of the TR-ACO genes 

4.3. 1 .  Occurrence of exons a nd introns 

All four of the isolated TR-ACO genes share the same gene structure. That is, each gene 

contains four exons interspersed with three intron sequences. In broad terms, the length of 

each exon is similar in size, but each intron sequence displays a different size. 

A comparison of average peptide number over 23 ACC oxidases revealed a value of 3 1 4  a.a. 

(Kadyrzhanova et at, 1 997). The amino acid residue number calculated from the four TR-ACO 

genes range from 306 a.a. (TR-AC03-l and TR-AC03-2), 3 1 3  a.a. ( TR-AC02) to 3 1 7  a.a. 

(TR-ACOJ). Therefore, the similar exon lengths among these genes reveal that the ACC 

oxidase protein structure is conserved in white clover, when compared with ACC oxidase 

proteins from other species. 

The conservation in gene structure is not only displayed in white clover, but can also be 

observed in other species. In comparison with other published accounts of ACe oxidase gene 

structures, the occurrence of 4 exons interspersed with 3 introns has been observed in melon 

(CM-ACOJ ) (Lasserre et aI., 1 996), peach (PP-ACOJ ) (Ruperti et aI., 200 1 )  and in petunia 

(PH-A COl, PH-AC03 and PH-AC04) (Tang et aI., 1 993). It should be noted that other 

members of the melon gene family (CM-AC02, CM-AC03) and peach (PP-A C02) comprise 

2 introns interspersing 3 exons (Lasserre et aI., 1 996; Ruperti et aI., 200 1 ). 

The examination of the structure of the genes also allows more comparison between 
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TR-AC03-J and TR-AC03-2. The two genes share high identity in the coding sequences with 

TR-AC03, but both intron sequences and promoter sequences display low identity with each 

other. However, comparison of the exon sequences show that exon # 1 and exon # 3 are 94% 

and 89 % identical (section 3 . 1 .6), but only the TR-AC03-2 sequence is wholly identical to 

the TR-AC03 sequence identified by Hunter et al ( 1 999). Thus TR-AC03-2 is renamed 

TR-AC03 and TR-AC03-J is renamed TR-AC04. 

It should be noted that in this thesis the genomic sequences for each gene have been 

compared up to the stop codon, and this has not extended into the 3' UTR region of the gene. 

In the study by Hunter et al. ( 1 999), 3 '-RACE was used to isolate the 3 '  UTR sequences of 

TR-A COJ, TR-AC02 and TR-AC03. However, as the primer sequence used was based within 

exon-4 and this exon sequence is identical in both TR-AC03 and TR-AC04, it is now not 

certain whether the 3 
-

UTR reported for TR-AC03 in Hunter et al ( 1 999) is TR-AC03 or 

TR-AC04. Indeed, the Southern data reported in this thesis (Figure 3 . 1 .2 1 )  makes it possible 

that the TR-AC03 3 
-

UTR region used in expression studies reported by Hunter ( 1 999) is 

associated with TR-A C04 (i.e. TR-AC03-J in this thesis). However, until the 3 
-

-UTR 

sequences have been isolated from both TR-AC03 and TR-AC04 and the Southern analysis 

repeated, this can only be a suggestion. 

4.4 Expression analysis of the TR-ACO promoters 

4.4. 1 .  Bioinformatic analysis 

The regulation of gene expression at the transcriptional level is mostly control led by 

transcription factors. These proteins recognize, and bind to, specific domains on the promoter 

sequence to enhance or to inhibit the activities of RNA polymerase H. Thus through the 

analysis for specific domains within promoters it m ight be possible to gain information on the 

controls of specific ACO gene expression. 

As the initial analysis of the fom ACO gene 5' flanking sequences, an analysis in silico was 
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performed using database identification of putative transcription factor binding domains. This 

analysis gave information on both the broad categories of factors that may regulate the 

expression of each gene, but also gave a more specific indication of the nature of these 

developmental and environmental cues. 

4.4.2. Trends of pTR-A CO-directed expression established 

using TFBD analysis 

In summary, there are three classes of TFBDs dispersed in the four promoter sequences. From 

the overview of each sequence, the TR-ACOJ and both TR-AC03 and TR-AC04 sequences 

appear to contain a variation in the proportion of classes. The TR-ACOJ sequence contains 

only a minimal number of ethylene-related signals (class I l l )  but it does have a high number 

of development-related domains (class I I ). In contrast, the TR-A C03 and TR-AC04 promoter 

sequences contain a higher number of ethylene-related domains, but have a minimal number 

of developmentally-related domains. This suggests that TR-ACOJ expression is regulated 

more by developmental signals and less from the ethylene-associated signals, whereas both 

TR-AC03 and TR-AC04 expression is controlled more by the ethylene-related signals and 

less by developmental signals. These observations broadly match the northern data reported 

for TR-ACO gene expression during leaf ontogeny. In these, TR-ACOJ is expressed in the 

apical structure and in axillary buds whereas TR-AC03 expression is predominantly in the 

senescent leaves (Hunter et aI., 1 999). 

Another interesting phenomenon is the TFBDs identified in the TR-AC02 promoter sequence. 

An overview of the TFBDs in this sequence suggests that the total number of elements in the 

TR-ACOJ and both TR-AC03 and TR-AC04 sequences does not exceed the number of TFBD 

domains that occur in TR-AC02. The TR-A C02 sequence has the same number of 

developmentally-related classes (class I I )  as TR-ACOJ, but it  also has the same number of 

ethylene-related classes (class I I I )  as both of TR-AC03 and TR-AC04 promoters. The number 
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of the hormone-related and environmentally-related signals (class I) in the TR-AC02 

promoter is nearly twice that of TR-AC01, TR-AC03 and TR-AC04 promoters. This implies 

that the TR-AC02 promoter sequence is regulated by a broad range of stimuli, and at different 

developmental stages. This broad pattern correlates with the northern blot data which shows 

that TR-AC02 expression can be detected from newly initiated through to mature green leaves 

(Hrinter et aI., 1 999) but expression is also regulated by environmental stimuli such as 

ethylene and ageing, and displays a circadian pattern of expression (Hunter et aI., 1 999). 

4.4.3. TR-ACO gene expression and the distribution of TFBD 

classes in each 5 '  flanking sequence 

A more detailed analysis of some of the more significant TFBDs from each sequence reveals 

that the TR-ACOl promoter contains TFBDs that suggests these genes are regulated by 

developmental signals particularly expressed in young tissues. High numbers of MADS-box 

family binding domains occur in the pTR-ACOl sequence, and these proteins have been well 

characterized as factors that regulate plant development in Arabidopsis, especially in floral 

tissue (Riechmann et aI., 1 996) and fruit ripening (Vrebalov et aI., 2002). One member, AG 

(Agamous) has been shown to be an important transcription factor for regulating floral tissue 

(sepal and petal) development (Huang et aI., 1 993). Another family member, AGL3 

(Agamous-like 3), is expressed in all above-ground vegetative organs, and has been implicated 

as being involved in the regulation of developmental genes in many cells (Huang et aI., 1 995). 

In addition to these developmental class 11 cues, a number of hormonal and environmental 

(Class I) boxes that occur in the pTR-ACOl are involved in germination or seedling 

emergence. For example, the a-amylase and �-amylase gene-specifIc-expression domains. 

These have been found in genes expressed during rice germination (Yamauchi, 200 1 )  and in 

potato tuber development ( Ishiguro and Nakamura, 1 994). Further, an endosperm-specific 

domain is found in many genes encoding storage proteins, including seeds of rape (Brasica 
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napus) (Stalberg et aI., 1 996). The occurrence of these putative TFBDs with the TR-ACOJ 

promoter is interesting since the expression of TR-ACOJ in 1 6  hr imbibed seeds of white 

clover has been observed (Jaya, 2003). 

For TR-AC02, one interesting TFBD is the light-response element. This has been identified in 

the light-regulated photosystem I gene (PSA) in tobacco (Nakamura et aI., 2002). The 

identification of this element may be significant as there is some evidence that the expression 

of TR-AC02 is under circadian control (Hunter, 1 998). In these experiments, highest 

TR-AC02 expression was observed at 1 :30 PM and the lowest at 7:30 PM as determined by 

northern analysis. 

The other significant TFBDs are the ethylene response elements. One is the ERE-box, as 

described in the pTR-ACOJ analysis, which is involved in the ethylene up-regulated 

expression of E4 gene in tomato ripening (ltzhaki et aI., 1 994). This element has also been 

found in the melon ACO-J gene promoter which has also shown to be induced by ethylene 

(Bouquin et aI., 1 997). The second domain is the GCC box, which is conserved in a number 

of ethylene-responsive defense genes, such as the class I chitinase gene, and the 

pathogenesis-related genes (PR) (Hao et aI., 1 998). Both of these ethylene response elements 

occur in the TR-AC02 promoter suggesting that TR-AC02 is regulated by ethylene. There is 

good experimental support for this, since treatment of white clover leaf tissue with ethylene 

induced the expression of TR-AC02 in mature green leaves (Hunter, 1 998)(Scott, R. w., 2004, 

pers. comm. ). 

In both the pTR-AC03 and p TR-AC04 sequences, the interesting elements are the 

wounding-response element (W-box) and a tissue ageing associated element (Cysteine). The 

W-boxes can be recognized by a large family of zinc-fmger transcription factors, and their 

main function is to regulate the response to wounding and pathogen attack (Yu et aI . ,  200 1 ). A 

W-box may also be involved in the onset of leaf senescence and have also been shown to be 

expressed constitutively throughout all plant tissues (Ulker and Somssich, 2004). The 
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cysteine proteinase specific expression domain (Cysteine), has been found to be conserved in 

most cysteine proteinase promoters including SAG-12 from Arabidopsis, and other plants (eg. 

barley and rape) (Cercos et aI., 1 999). S ince cysteine proteinases are highly expressed during 

senescence, and are involved in protein degradation including RuBiSCO, and other 

chloroplast proteins, the occurrence of this domain may be directly linked to TR-AC03 and 

TR-AC04 expression, and the senescence process. It has been shown that ageing of leaf tissue 

(eg. by detachment) and wounding of white clover leaves results in the induction of TR-AC03 

expression (Hunter, 1 998), and this might support the appearance of these elements in the 

pTR-AC03 and pTR-AC04 sequences. 

Some other hormone-response elements also may be important factors in these sequences. For 

example, the auxin-response element (Aux-RE) has been identified in many genes from 

different plant species (Baumann et aI., 1 999), the expression of which are involved in cell 

division and extension, root formation, shoot apical dominance, leaf tropisms and senescence 

(Berleth et aI., 2004). One such gene, the NPH4 gene of Arabidopsis, which contains the 

IAA-box in its promoter, is expressed in hypocotyl bending but this response has been shown 

to involve both auxin and ethylene (Harper et aI . ,  2000). The occurrence of these hormone 

related boxes in the TR-ACO promoters also highlights the concept of hormonal cross-talk 

(Voesenek et aI., 2003) and that the expression of each TR-ACO gene will be regulated by 

more than one hormone working together. 

4.4.4. TFBD analysis in other ACO promoter sequences 

Promoter analysis has also been undertaken for ACO gene from other multi-gene families. 

For example, the promoter from the melon CM-ACO] and CM-AC03 genes have been fused 

with the GUS reporter gene and transformed into tobacco. The results showed that the 

CM-ACO] driven GUS activity increased sharply with the onset of leaf chlorophyll 

breakdown, whereas GUS expression driven from the CM-AC03 promoter was higher in 
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mature green leaves and declined at the onset of senescence. This expression pattern is 

consistent with the expression patterns observed from northern analysis. Further, GUS 

expression from the senescence-associated CM-ACO] promoter can be also be induced by 

ethylene, wounding, heavy metal (CUS04) factors, and pathogen infection. Therefore, the 

senescence tissue specific CM-ACO] promoter can be highly induced by most stress factors 

including pathogen infections whereas the green-tissue-specific CM-AC03 promoter only has 

basal stress responses, and can not be induced by pathogen attraction. When the CM-ACO] 

promoter is examined for the occurrence of TFBDs, in common with the TR-AC03 and 

TR-AC04 promoters, ethylene response and W-boxes are prevalent with two ethylene 

response elements (EREs) and seven wounding response elements (WUN) identified. In 

addition other stress-associated TFBDs have been identified, with two drought response 

elements (DREs) and three elicitor response elements (PI, ELl, BRE). These elements have 

not been identified in the TR-AC03 promoter, but may be present on the promoter, and 

require a different programme to identify them. In contrast, the CM-AC03 promoter sequence 

contains seven stigma/style specific elements (SLG 1 3  box), two flower-specific Myb binding 

elements (H-box), three DREs and two heavy metal response element (MTRE) (Lasserre et aI., 

1 997). The developmentally regulated TFBDs also occur in TR-AC02, but not the DREs or 

the MTREs. Again, these elements may be present on the promoter, and require a different 

programme to identify them. 

Similar experiments have also been undertaken in the peach ACO family where the PP-ACO] 

and PP-AC02 promoters have been fused to the GUS gene and transformed into tomato. The 

results showed that GUS expression driven from PP-ACO] promoter was mainly expressed 

throughout most stages of leaf development and in wounded senescent leaves, whereas the 

PP-A C02 promoter was only active in senescent leaves, but not i n  response to wounding 

(Rasori et aI., 2003). In a more detailed analysis of the PP-ACO] promoter sequence, putative 

TFBDs included one primary ethylene response element (PERE), one secondary ethylene 
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response element (SERE), one putative repressor region (N-), an enhancer element 

(CA TT-box) and two auxin response elements (Aux-RE). Again, the ethylene response 

elements are shared by all the TR-ACO promoters, but the putative repress or region (N-) was 

not searched for. 

Together these observations suggest that the tissue-specific and response-specific patterns of 

ACO gene expression including the TR-ACO genes can be predicted by the TFBDs domains 

that occur in the promoter sequences. How the transcription factor binding domains leads to 

tissue-specific expression still not clear, but for those stress factors (eg. pathogens, wounding) 

and the other hormones response factors (eg. IAA, ethylene), identification of the TFBDs is 

becoming more reliable. 

4.4.5. Strategies to test the function of the TFBDs 

There are more than one hundred TFBDs distributed among the four TR-ACO promoter 

sequences, and while it is possible to speculate on their function, it is necessary to directly test 

this in the future. For the hormone- and environmentally-related class I and the 

ethylene-related class I I I  TFBDs, the various candidate signals can be applied to transgenic 

plants transformed with each promoter fused to a reporter gene (eg. GUS or GFP). Certain 

concentrations of hormones (eg. IAA, C2�, ABA, GA, or SA) can then be applied to these 

transgenic plants and reporter gene activity changes recorded. For the 

developmentally-related class (class I I)  cues, peR methods can be used to mutate certain 

elements, and the mutant construct transformed back to model plants to determine their 

developmental changes. In the analysis of the PP-ACO] promoter, the SERE and N- elements 

have been deleted, and GUS activity slightly increased but not in response to ethylene 

treatment (Rasori et aI., 2003). Thus a similar analysis can be undertaken on the EREs in the 

TR-ACO promoters. 
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To examine the significance of clusters, 5 � -end deletion assays can also be used and the 

truncated promoter (fused to a reporter gene) transformed into model plants to determine any 

change in promoter function. 

4.5 Analysis of TR-ACO promoter-directed expression 

using GUS reporter transcripted fusions 

4.5. 1 .  Transgenic tobacco as the genetic background 

From the results of Southern analysis, most transgenic tobacco lines contained two copies of 

each promoter fused with the GUS sequence, and hybridization pattern obtained confIrmed 

that these are individual transgenic l ines. In addition, the expression pattern of each construct 

in the different plant lines examined was consistent. For example, TR-ACOl lines # 1 (data 

shown), #7, and # 1 1  lines, all displayed GUS expression predominantly in the apical and 

axillary buds, and the TR-AC02 lines #2 (data shown), #7, and #8 displayed GUS expression 

predominantly in the petiole and senescent leaves. For the TR-AC03 lines #4, # 1 3  (data 

shown), and # 1 5, GUS staining was highest in the green to yellow leaves, petiole and axillary 

buds, while the TR-AC04 lines # 1 4  (data shown), # 1 7, and # 1 8  showed a similar pattern, but 

with increased staining density when compared with the TR-AC03 lines. These data suggests 

that two copies of the inserts has not resulted in any gene silencing in the transgenic tobacco 

plants examined (Bastar et aI., 2004), and the TR-ACO promoters are recognized by specifIc 

binding factors in the heterologous background. 

As described in section 3 .3 .2, the results of GUS staining for most of the transgenic tobacco 

lines harbouring the pTR-ACOl : :GUS construct shows expression in the apical terminal bud 

and in axillary buds. This is similar to the northern blot data observed for clover l eaves 

(Hunter et aI., 1 999). The staining of GUS in most axillary buds as well as the terminal bud 

suggests that both tissues may share similar controls in terms of regulation of ethylene 
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biosynthesis. This may also suggest that ethylene may play a similar role in both the terminal 

and axillary buds. 

The TR-ACOJ promoter is derived from the white clover genome, but when the promoter 

sequence is expressed in the heterologous host (i .e. tobacco), a similar pattern of expression is 

observed. This suggests that the transcription factors in the apical bud or axillary bud tissues 

may have similar functions, and that the TFBDs are conserved in both tobacco and white 

clover. For example, the MADS-box transcription factors have been reported to be highly 

conserved in their sequences and their binding domains among many plant species 

(Riechmann and Meyerowitz, 1 997). These TFBDs, at least, may be part of the explanation of 

a conserved tissue-specific expression pattern between clover and tobacco. 

GUS staining in most of the transgenic tobacco lines transformed with the p TR-AC02: :CUS 

construct revealed promoter-directed expression in mature-green to senescent leaves. This 

expression pattern differs from northern blot data of white clover leaves (Hunter et al., 1 999), 

in which TR-AC02 is expressed highly in the newly initiated leaf tissues, and then decreases 

into the mature green leaves. In fact, the expression of TR-AC02 in tobacco is very similar to 

the pattern of TR-AC03 gene expression pattern in clover as shown by northern blot analysis. 

The difference in expression directed by the p TR-AC02 between clover and tobacco can be 

possibly explained by the different host plants suggesting that the regulatory mechanisms 

governing expressjon in these tissues differ. Such differences in promoter driven expression in 

heterologous hosts has also been found when the PP-AC02 gene from peach (Rasori et al., 

2003) is expressed in tomato. In tomato, expression of PP-A C02 can be detected in vascular 

bundles of developing and ripe fruit, the senescent leaf blade, and in fruit and leaf abscission 

zones. Whereas, in peach, the PP-AC02 mRNA is detected only in immature fruit, and the 

epicotyls and roots of the seedl ings. Therefore, the heterologous host may contain different 

transcription factors expressed at different developmental stages when compared with the 
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natural background. For TR-AC02, expression in transgenic tobacco resulted i n  expression 

directed in both mature--green and senescent tissue suggesting that the TR-AC02 promoter 

sequence is a clover-specific promoter sequence, and its TFBDs and specific transcription 

factors are specific to this species. 

The TR-A C03 promoter-directed expression pattern in tobacco begins in the newly initiated 

leaves, carries through to the newly senescent leaves, and then decreases in the late senescent 

leaves. This expression pattern, with the exception of the intensity of GUS staining, is very 

similar to the expression pattern directed by the TR-AC04 promoter. During the senescence 

process, ethylene evolution increases as the leaf chlorophyll content decreases (Gan and 

Amasino, 1 997), and it is known that ethylene can stimulate chlorophyllases and the 

expression of other proteinases that degrade cellular protein (Buchanan-Wollaston, 1 997). 

Further, in broccoli and A rab idops is, it has been shown that the ethylene concentration 

increases with leaf yellowing (Gong and Mattheis, 2003 ; Todorov et aI., 2003). Also, in melon, 

the expression of CM-AC01 increases when the leaf chlorophyll content decreases (Lasserre 

et aI., 1 997). Further, when AeO genes are transformed into tomato or A rabidopsis plants in 

the anti-sense orientation, leaf senescence is delayed (Grbic and Bleecker, 1 995; John et aI. , 

1 997). Thus an increase in expression directed by the TR-AC03 and TR-AC04 (and TR-AC02) 

promoters during the senescence process, as observed in the transgenic tobacco plants, is 

consistent with these observations. 

When comparing the expression pattern of both the TR-AC03 and TR-AC04 promoters, the 

tissue and cellular specific patterns are the same, but the TR-AC04 promoter directs stronger 

expression (as determined by a visual assessment of the relative intensity of GUS staining). 

Although both promoter sequences contain a similar number of TFBDs, it maybe that the 

location of the TFBDs and/or the clustering explains this difference in intensity. 
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The pattern of expression directed by the TR-AC03 and TR-AC04 promoters during leaf 

senescence in tobacco suggests that these promoters respond to transcription factors that are 

similar to those that occur in white clover. While the expression of TR-AC03 in tobacco is in 

agreement with northern blot data from white clover leaves (Hunter et aI., 1 999), in which 

expression is highest in the senescent leaf tissues and decreases in younger leaves, northern 

analysis to determine the expression pattern of TR-AC04 has yet to be undertaken. However, 

a similar pattern of GUS staining directed by both pTR-AC03 and pTR-AC04 suggests that 

the expression pattern of TR-AC03 and TR-AC04 will be similar. It is known that some of the 

TFBDs are conserved in these promoters. For example, the W-box has been identified in 

tobacco, but this sequence is also conserved among other species including Arabidopsis and 

tomato (Chen and Chen, 2000; Robatzek and Somssich, 2002). These conserved sequences 

imply not only that the response binding factors are common, but also their expression 

patterns are similar. This may explain, therefore, why the TR-AC04 expression pattern during 

senescence is conserved between tobacco and white clover. 

When the expression patterns driven by the TR-AC04 and TR-AC02 promoters are compared 

in tobacco, they both show a similar pattern of ontological expression. However, in the green 

leaf tissues, TR-AC04 expression is much higher when compared with TR-AC02, but in the 

yellow leaves, TR-AC02 expression is higher than TR-AC04. During necrosis, the TR-AC02 

promoter is still active, but expression from the TRAC04 promoter is reduced. Thus in 

common with TR-AC02, the expression of TR-AC04 differs between clover and tobacco in 

the mature-green leaf tissue. This suggests that there are additional mechanjsms that regulate 

ethylene production in mature green tissues, and that the binding factors differ for each 

promoter. 

When the expression pattern directed from the TR-AC04 promoter i s  examined in more detail, 

two sites of GUS staining occur in leaf discs. One site is localized in the vascular tissues in 

the leaf ( leaf, midrib and petiole) and the second at the edge of the disc. In the midrib tissues 
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at the magnification used, it i s  hard to detect any difference between vascular bundle and leaf 

lamina, but in the petiole of yellowing leaves, the intensity of GUS staining in the cortex cells 

is higher with respect to that observed in the vascular bundle (Figure 3 . 3 . 1 5). This pattern 

differs from the pattern of TR-AC02-directed expression in yellowing leaves of tobacco 

(Figure 3 . 3  . 1 3-B), where more intense GUS staining is located in the vascular bundle and leaf 

lamina when compared with the cortical cells, and this is also noted in the petiole. S ince the 

vascular tissue in the tobacco petiole may act as a conduit for nutrient remobilisation, this 

may suggest that the ethylene produced from TR-AC02 expression is associated with these 

processes during senescence, but the ethylene produced from TR-AC04 expression (as 

determined by TR-AC04 promoter activity) may be more involved with regulating necrosis  in 

the lamina of the senescent leaves. 

For TR-AC04, dense GUS staining was also located at the edge of green leaf disc, suggesting 

that the TR-A C04 promoter can be induced by the wounding stimulus. It is known that 

TR-A C03 activity can be induced by wounding of white clover leaves (Hunter, 1 998), and 

because this promoter sequence (with TR-AC04) contains many wounding boxes, it is likely 

that wounding can stimulate expression. But this phenomenon appears to be l imited more to 

the green leaf tissue, which suggests that the wounding response is also controlled by other 

developmental factors which are specific to the green leaf tissue. 

4.5.2. Transgenic white clover as the genetic background 

From the Southern analysis results in section 3 .3 .3,  most transgenic white clover l ines 

analysed contained two copies of each promoter fused with the GUS sequence, and the 

expression pattern of each construct in the individual plant lines differed. For example, in 

broad terms, the pTR-ACOl # 1 ,  # 3, and # 1 1  lines, displayed GUS expression predominantly 

in the apical and axillary buds; the pTR-AC02 lines # 1 ,  # 1 2, and # 1 9  displayed consistent 

GUS expression predominantly in mature-green tissues; TR-AC03 lines # 1 ,  # 2, and # 6 
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showed dense GUS staining consistently i n  the older tissues, while the TR-AC04 lines # 1 ,  # 

22, and # 26 showed a similar pattern of expression, but with increased density when 

compared with the TR-AC03 lines. These data suggest that the selected transgenic plant lines 

display minimal or no transgenic position effects. 

As described in results section 3 . 3 . 3 .3, the transgenic white clover lines containing the 

pTR-A COl : :GUS construct lines showed highest density of GUS staining in the developing 

tissues. For example, in the newly-initiated trifoliate leaf, GUS staining can be detected in the 

whole of leaf (Figure 3 .3 .22; node 2), but gradually disappears starting from the lamina, then 

midrib, and then can only be detected in the petiolule tissues in leaves subtending from the 

ontologically older leaves. The most active period of cell growth (the log phase) occurs from 

the newly initiated leaf (# 1 node) to the young green leaf (#3 and #4 nodes), and then after 

that the leaf size does not increase (Baker and Williams, 1 987). Thus the expression pattern 

directed from the TR-A COl promoter may be correlated to the growing pattern of the leaf 

suggesting that the TR-ACOl promoter responds to developmental cues in these tissues. 

At least two other tissues display higher expression directed by the TR-ACOl promoter in the 

white clover shoot: the terminal bud and the axillary buds. The evolution of illgh levels of 

ethylene has been observed from the apical structure of willte clover (Yoo, 1 999), and is 

commonly observed during bud-break in deciduous tissue (Osborne, 1 99 1 ). Tills suggests 

TR-ACOl expression may be tightly linked with branch development and bud dormancy 

mechanisms. 

The second tissue with intense GUS staining is the petiolule tissue at the base of each 

trifoliate leaf. The main function of this tissue is to control leaf folding and un-folding in 

response to a diurnal rhythm (Baker and WilIiams, 1 987).  Tills mechanism has been reported 

to be driven by changes in turgor pressure in the petiolule cells, which efflux water from cells 

into the apoplast, in response to an accumulation of sucrose in the apoplast that has been 

unloaded from the phloem (Moysset et aI., 1 99 1 ;  Morillon et aI., 200 1 ). During daylight, the 
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cells contain water that accompanies sucrose produced by photosynthesis which i s  transported 

across the cell wall and loaded into the phloem cells. During the evening, loading slows and 

so some unloaded sucrose accumulates in the cell wall, and results in water effluxing out the 

cytoplasm (Raven et aI., 1 999). Since the petiolule cel ls are located at the base of leaf lamina, 

the change in cell turgor triggers the nastic movement and it has been shown that ethylene is 

involved in the regulation of nastic movements (Cox et aI., 2003 ; Voesenek et al., 2003; 

Wachter et al., 2003 ), but it is yet to be demonstrated whether the p TR-ACOl directs 

expression in a diurnal fashion. 

Closer examination of these GUS-stained tissues using histological sections reveals that most 

cell types in the apical bud, axillary buds and the petiolule are stained. The exception is the 

apical meristem and the newly initiated leaf primordia in both the terminal bud and the 

axillary buds. However, the results of the in situ hybridization suggest that expression of 

TR-ACOl does occur in these cells (see later Discussion). The use of in situ hybridization also 

confrrms that expression of TR-ACOl occurs in the vascular tissue, particularly the phloem 

(Figure 3 .3 .30, H) and in the cortex of the petiolule (Figure 3 .3 .30, J). In the example shown 

(Figure 3 .3 . 30, J) cells at the adaxial side of the cortex have constricted to cause the tropic 

response. An apparent increase in the density of substrate deposition in the smaller cells may 

be due to a difference in cell number, but it does show that TR-ACOl may be involved in the 

tropic response. Together, these results supports the view that most (but not all) cells of leaf 

have the ability to convert ACC to ethylene (i. e. express and accumulate ACC oxidase). 

The expressIOn of the pTR-AC02::GUS construct in transgenic white clover plants is 

described in section 3 .3 .3 .4. The results show expression predominantly in the newly-initiated 

and mature-green leaves with lesser intensity of staining in the old tissues. For example, in the 

leaf lamina, GUS staining can only be detected from the young green leaf. GUS staining can 

not be detected in the newly initiated leaf, but gradually appears in the petiolule cells and then 
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the petiole and midrib and fmally the whole leaf lamina (at node # 4). After the mature green 

leaf stage (node # 7), the intensity of GUS staining decreases as senescence ensues. Because 

this expression pattern correlates with leaf chlorophyll content (section 3 .3 .3 .2), which is a 

good indicator of a photosynthetically competent leaf, it implies that the TR-AC02 promoter 

is active during leaf growth and the maintenance of leaf function. 

In leaf tissues, intense GUS staining is again located in the petiolule tissues. In common with 

the discussion of TR-ACOI, the main function of this tissue is to control leaf folding and 

un-folding in response to a diurnal rhythm (Baker and Williams, 1 987) and it suggests that the 

ethylene produced by TR-AC02 plays a similar role in this tissue as TR-ACOI in the younger 

tissues. 

The other tissue with higher intensity of GUS staining is the stolon tissues particularly at the 

nodes (Figure 3 .3.23; a). The pattern of expression directed by p TR-AC02 in this tissue 

differs from pTR-ACOI in that GUS staining in the TR-ACOI : :GUS transgenics were 

concentrated in the axillary bud rather in the stolon, However, pTR-AC02 directed expression 

in both tissues, suggesting that the TR-AC02 promoter is also associated with metabolic cues 

and photosynthesis, and may be associated with sucrose loading and transport (Naik and 

Mohapatra, 2000). In support of this, the TR-AC02 promoter sequence contains more than six 

different metabolism-associated signals (eg. the Sucrose-box, �-and a-amylase-boxes). 

Closer examination using histological analysis (Figure 3 .3 .27), again shows that many cell 

types are stained, with the exception of the apical meristem and very young leaf primordia. 

The large cortical cells in the sheath and the pith also appear not to be stained, but the 

vascular tissue is stained with more intensity. In common with the pTR-ACOI-directed pattern 

of expression, most cells express the gene and so may have the abil ity to convert ACC to 

ethylene. In addition to the apical cel ls, the larger, more vacuolated cel ls of pith and sheath do 

not stain. This may be due to developmental control or that the large vacuole dilutes out the 

cytoplasmic-based GUS signal. 
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A s  described i n  section 3 .3 .3 .5, the pTR-AC03::GUS transformed white clover l ines all 

showed more intense GUS staining predominantly in the older leaf tissue including the 

axillary buds. For example GUS staining is very faint at the apical bud and in the young green 

leaves (#3), but gradually as the leaves mature, blue staining increased in the petiolule cells 

and in the petiole (Figure 3 . 3 .24). In common with the analysis of the TR-AC04 promoter 

(see later), TR-AC03-directed expression is consistent with the chlorophyll content which is 

highest in leaf numbers #4 and #5, after which it gradually decreases. This chlorophyll 

degradation pattern is consistent with visual yellowing that indicates the progress of 

senescence suggesting that the TR-AC03 promoter is a senescence-regulated sequence. 

As described in section 3 .3 .3 .6, the pTR-AC04::GUS transgenic lines also directed a 

senescence-associated pattern of GUS staining. For example, GUS staining is very faint at the 

apical bud and in the young green leaves (node #5), but gradually as the leaves mature, blue 

staining increased in the petiolule cells and petiole tissues ftrst, and then in the leaf lamina. In 

common with the analysis of the TR-AC03 promoter, TR-AC04-directed expression i s  

consistent with the chlorophyll content. 

As discussed in section 3.2. 1 ,  analysis in silico of the TR-AC03 and TR-AC04 promoter 

sequences suggests regulation by senescence factors and this also coincides with the 

transgenjc expression pattern in vivo. In general, the TR-AC03 and TR-AC04 promoters 

contain more senescence-related signals when compared with the TR-ACOl and TR-AC02 

promoters, including the ethylene-related TFBDs (eg. GCe-box), and the ethylene-associated 

TFBDs (eg. W-box). 

The expression pattern directed by both TR-AC03 and TR-AC04 was examjned using 

histological analysis (Figure 3 .3 .28 and 3 .3 .29). In the axil lary buds of older node tissue, the 

ground meristem tissue is stained, and in the node tissues the vascular tissue display intense 

staining. In these sections, it is harder to detect staining in the pith or cortical cells. In the 



2 1 7  

petiolule cells the phloem and sclerenchyma cells are stained, but less staining is observed in 

the cortical cells. 

However, at higher magnification staining can be observed in the cortex and pith, and it may 

be that the very vasculated cells of the cortex and pith do not show the GUS staining very 

clearly, in comparison with the more dense cells of the phloem and vascular parenchyma. 

An alterative view is that the ACC oxidase activity expressed in older tissue is concentrated in 

the vascular tissue (but not the xylem elements) and ACC moves through the vascular tissue. 

For example, the movement of ACC in the xylem sap has been shown in flooded tomato (Else 

et aI., 1 995). In situ hybridization studies (Figure 3 .3 .3 1 )  did show more dense hybridization 

in the phloem tissue, and in fibres (Figure 3 .3 .3 1 ;  G, H, J). However, in situ hybridization also 

suggested that the petiolule cortex also expresses the TR-AC03 gene, and ethylene 

synthesized from the oxidase may mediate the nastic growth responses. In situ hybridization 

did not support TR-AC03 expression in the stolon cortex or pith. 

A feature of the GUS staining directed by all four promoters, and the more limited in situ 

hybridization is that many cells in the vegetative tissues (stolon and leaf) display ACC 

promoter activity. If it is assumed that this promoter activity is transcribed and then translated 

into active enzyme, then most cells in these tissues can convert ACC to ethylene, and ACC 

oxidase does represent a constitutive step in the pathway. While expression from ACC 

oxidase promoters has been studied previously, more detailed histochemical analysis at the 

cell level in vegetative tissues is less common. Examination of GUS expression directed by 

the promoter of LE-AC01 in transgenic tomato conducted by Blume and Grierson ( 1 997), 

revealed little evidence of staining in young petioles but more intense staining in petioles 

supporting senescent leaves. In these sections of the older tissue, staining was most 

pronounced in the phloem and in the sub-epidermal collenchyma cell layers. In other ACO 

promoter: :GUS fusion studies, more specific patterns of cell or tissue staining have been 

observed. For example, when the AP4 promoter of apple was fused to GUS and transformed 
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into tomato, the full-length promoter fragments ( 1 966 bp and 1 1 59 bp) drove GUS expression 

in the inner pericarp, vascular tissues and the seeds in fruit after breaker stage. However, no 

staining was observed in the outer pericarp and epidermis (Atkinson et aI., 1 998). In another 

study, Blume and Grierson ( 1 997) showed that GUS staining directed by the full-length 

LE-AC01 promoter as the fruits matured showed even staining in the pericarp as well as the 

columella, whereas staining in the placental and locular tissue was less marked. A feature was 

the stronger but not exclusive staining in the outer pericarp associated with the vascular tissue. 

However, when seeds were examined, staining was detected exclusively in the endosperm. It 

maybe, therefore, that if promoter-directed expression was examined in seeds or floral tissue 

of white clover, then more specific patterns of GUS staining will be recognised. 

In this thesis the level of GUS staining has not been quantified. Therefore, the relative 

intensity of expression driven by each promoter can not be compared. It is possible to 

quantify GUS expression using 4-methylumbelliferyl-�-D-glucuronide (MUG) as substrate 

and some plant promoter studies have used this  method (Blume and Grierson, 1 997; Lasserre 

et aI., 1 997). However, the primary aim of this thesis was to examine the pattern of staining in 

cell types and tissues of different ontological status. 

4.5.3. 

pattern 

Assessment of the consistency of the GUS staining 

The use of promoter: :GUS fusions is a powerful tool to dissect the pattern of gene expression 

in plant tissues. However, there are two commonly perceived drawbacks. The first is the 

question as to whether enough of the promoter sequence has been isolated to faithfully direct 

expression of the gene in a transgenic background. The second is whether position effects 

influence the pattern of expression of the reporter gene. 

The length of TR-ACO promoters in this thesis was more than 1 000 bp, and this compares 

well with other studies, particularly those that have used 5 � flanking sequence deletion 
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experiments which show that truncated lengths can drive the basic GUS expression pattern, 

and even tissue-specific expression patterns (Blume and Grierson, 1 997;  Lasserre et aI., 1 997; 

Atkinson et aI., 1 998). In this study, all the pTR-ACO: :GUS transformants displayed a 

developmental pattern of expression that broadly correlated with the expression of the 

TR-ACO gene family. These patterns support the view that the 5 '  flanking sequences do 

contain most of the eis-elements that are necessary to drive the basic and tissue-specific 

expression pattern of the GUS reporter gene in white clover. 

Although the upstream 5 '  flanking sequences contain most regulatory information, the 

downstream intragenic sequences may also play some important role in regulation. For 

example, northern analysis has shown that the rice a-tubulin gene (Os-TUB Ai) is expressed 

specifically in young dividing tissues. However, when using the 5 '  flanking sequence of the 

Os-TUB A i  gene fused with the GUS gene in a transgenic background, expression was only 

detected in the mature tissues. However once the reporter fusion included the first intron 

sequence, then GUS expression can be detected in young dividing tissues with hjgh activity 

(Jeon et aI., 2000). In the pTR-ACOi: :GUS transgenic plant lines, GUS staining can not be 

detected in the apical terminal bud in the SAM cells, while in situ hybridization analysis 

showed expression of TR-ACOi in the SAM cells (albeit at a low level). This maybe 

interpreted that not only the 5 '  flanking sequence, but also the intra genic sequences are 

needed to control expression ofthe TR-ACO genes in certain cell types. 

The second perceived drawback for the use of transgenic plants to study promoter activity is 

the concept of position effects. To reduce position effects and to obtain a consistent pattern of 

expression, sufficient numbers of transgenic l ines need to be analyzed. From Southern 

analysis (section 3 .3 .3 . 1 )  all of the three selected transgenic lines from each gene 

transformation contained two to three copy numbers of the GUS gene insert. It might be 

expected that a higher number of gene inserts increase the chances of position effects. In this 

thesis at least 3 independent lines of white clover were examined (Table 3 .3 . 1 ), and these 
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were selected from a larger pool of p lants [TR-ACOl ( 1 8  plants); TR-AC02 (23 plants); 

TR-AC03 (27 plants); TR-AC04 (32 plants)]. Also, at least three vegetative stolons for GUS 

expression were selected from each plant. The data reported on the pattern of GUS staining, is 

consistent over these 3 independent replicates and 3 clonal replicates. This degree of 

replication provided a broad consensus of staining (Figure 3.3 . 1 2  to 3.3 . 1 5  and 3.3 .22 to 

3 .3 .25), although this was not perfect. As far as the author is aware, there is no definite 

number of sufficient transgenic l ines, and it may be that more are required in transformed 

tetraploid species, when compared with transformed diploid species. 

4.6 Summary and concluding remarks 

10 this thesis four ACC oxidase 5 '  flanking (promoter) sequences have been isolated from the 

genome of white clover. In a previous study (Htmter et aI., 1 999), three ACO cDNAs were 

isolated by RT-PCR although Southern analysis data suggested that a fourth ACO gene was 

present. This fourth ACO gene was predicted to share significant homology in the open 

reading frame with TR-AC03, but was distinct in the 3 '-UTR region. In the present thesis, 

Southern analysis has confirmed the occurrence of four distinct genes, and comparison of the 

exon sequences with the TR-AC03 gene confirmed that the gene designated as TR-AC03 in 

this study (originally TR-AC03-2) was the same as that identified by Hunter et al. ( 1 999). 

Further, isolation and sequencing of genomic DNA has confirmed that the exon sequences of 

TR-AC03 share hjghly identity with the TR-AC04 exons, but the intron sequences are quite 

divergent, again supporting that this thesis has identified a fourth AeO gene in white clover. 

Southern analysis has also revealed that two copies of TR-ACOJ and TR-AC02 occur in the 

allotetraploid genome of white clover. The origin of the two diploid genomes in white clover 

is uncertain, with the current opinion being that they arose from hybridization of the diploid 

species T nigrescens and the autotetraploid species T uniflorum (Badr et aI., 2002). The two 

copies of TR-ACOl and TR-AC02 may represent, therefore, identical copies in both genomes 
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as part of this hybridization process. It may be of significance that both TR-AC03 and 

TR-AC04 appear as single copies suggesting that each gene occurs in only one of the two 

genomes. If each gene does arise from only one of the parents, then Southern analysis of the 

likely progenitors of white clover with these probes may yield interesting results. 

The identification of four ACO genes in white clover plant confIrms that tllls IS a small 

multi-gene family, and is consistent with findings in other plant species. The structure of the 

four ACO genes has also been examined, and each comprises 4 exons and 3 introns. Generally, 

the exons are broadly conserved in terms of size [exon 1 ( 1 03 - 1 05 bp), exon 2 (224 - 268), 

exon 3 (33 1  - 335 bp) and exon 4 (254 - 289)], but the introns varied greatly in terms of size. 

In comparison with other published accounts of ACC oxidase gene structures, the occurrence 

of 4 exons interspersed with 3 introns has been observed in other plant species. 

As the initial analysis of the four ACO gene 5' promoter sequences, an examination in silica 

was performed using database identification of putative transcription factor binding domains. 

This analysis provided both the broad categories of factors that may regulate the expression of 

each gene, but also gave more specific indication of the nature of these developmental and 

environmental cues. 

For pTR-ACOJ, in terms of class I, many of the motifs suggest a germination-associated role 

and it may be significant, therefore, that TR-ACOJ is expressed in 1 6  hr-imbibed white clover 

seeds (Jaya, 2003). It is also well established that ethylene and ACC oxidase expression are 

associated with germinating seeds (Monoz De Rueda et aI . ,  1 995; Petruzzelli et aI., 2000). 

Five motifs concerned with MADS or AGAMOUS genes were also identified suggesting a 

role in early organ or floral development, and two ethylene-response elements suggest that 

ethylene itself may regulate the expression of the gene. Previous northern analysis has shown 

that this gene is expressed in the apical structure and in the axillary bud tissues; tissues 

associated with high levels of ethylene production (Hunter et aI. , 1 999; Yoo, 1 999). It will be 

interesting, therefore, to examine the expression of this gene in floral tissues. 
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For pTR-AC02, a significant number of class I genes was identified, particularly with respect 

to the potential role of other signalling cues in regulating gene expression (ABA, IAA, light, 

sucrose, salicylic acid). In other expression studies, it has been shown that TR-AC02 is 

expressed predominantly in mature green tissue, and is the predominant enzyme activity in 

these tissues, suggesting a role as the producer of 'house-keeping' ethylene, termed Type I 

ethylene. However, examination of the 5 '  promoter sequence suggests that several external 

influences can also induce expression, and it has been shown that ethylene itself induces 

TR-AC02 expression, and the gene displays a circadian rhythm (Hunter, 1 998). 

Examination in silico of the TR-AC03 and TR-AC04 5 '  flanking sequences reveals a common 

spectrum of motifs. In contrast to pTR-ACOJ, ethylene- and wound-associated domains are 

now more common when compared with the developmentally-associated class I domains. In 

studies with mature-green leaves, wounding and ageing, but not ethylene, has been shown to 

induce the expression of TR-AC03, although it cannot be discounted that wounding will 

induce the expression of TR-AC03 in other tissues (Hunter, 1 998; Yoo, 1 999). No similar 

expression studies have yet to be carried out with TR-AC04. However, the occurrence of 

pTR-AC03 (and pTR-AC04)-directed GUS staining in the axillary bud tissue is also 

consistent with the occurrence of class IT developmentally-regulated domains observed within 

the 5 '  flanking sequences of these genes. A striking feature of this analysis, in-silico, was that 

the spectrum of TFBDs broadly coincided with the expression of each gene determined by 

northern analysis. Therefore, such examination of the spectrum of TFBDs can be used to 

predict the likely expression pattern of AeO genes. 

To examine the tissue-specific nature of expression driven by each promoter during leaf 

development, GUS staining of the pTR-ACO::GUS transformants was used. In terms of the 

global pattern of expression, the TR-ACOJ promoter sequence directed GUS expression in 

predominantly developing tissues (the stolon apical structure and the axillary buds). In the 

axillary buds, GUS staining was most intense in the ontological younger structures. In 
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contrast, the TR-AC03 and TR-AC04 promoter sequences directed expression ill 

ontologically older tissues, including the axi llary buds. 

More detailed histochemical analysis was used to determine if the promoter sequences 

directed any cell-specific pattern of expression during leaf development. For this survey, 

sections were examined that displayed more intense GUS staining. A feature of this 

examination was that no defInite pattern of cell-specific expreSSIOn was observed. More 

intense GUS staining was observed in  the vascular tissue of the stolon including the 

subtending provascular strands emerging from the shoot apical mersitem and the apical 

meristem in the axillary buds, as well as the central vascular tissue (stele) in the petiolules. 

However, in pith and cortical cells, close observation did reveal evidence for GUS staining. 

This was most notable in the pTR-ACOl::GUS and pTR-AC02::GUS transformants, 

particularly in the ontologically younger tissues. In the ontological older tissue (examined in 

the pTR-AC03::GUS and pTR-AC04::GUS transformants) staining was less pronounced in 

the cortex and pith tissues, but was still evident in the vascular tissue. 

Such observations, lead to the suggestion that the intensity of GUS staining may partly reflect 

cytoplasmic density, such that cells with large vacuoles appear to be lower accumulators of 

the enzyme. Alternatively, it may be that ACC oxidase accumulates, preferentially, in the 

vascular tissues (predominantly in the phloem tissue) and thus co-localises with a source of 

mobile ACe substrate (Else and J ackson, 1 998). 

Taken together, these results corrfrrm that most cells during leaf development can potentially 

display the competence to convert ACC to ethylene as determined by the expression of ACC 

oxidase genes. Subsequent translational regulation wil l  also provide a further tier of control. 

Further, this thesis has corrfrrmed, with many others, that this competence to synthesise the 

hormone is directed via transcriptional regulation of the ACO gene family. However, in leaf 

development of white clover, at least, if can now be added that the primary cues for this 

transcriptional regulation are ontological in nature, rather than the signals that direct 
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cell-specific expression. 
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