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Abstract 

ACC oxidase, the enzyme which converts l -aminocyclopropane- l -carboxylic acid (ACC) 

to ethylene, has been studied in leaves of a single genotype of white clover (Trifolium 

repens L., Genotype IOF) during leaf maturation and senescence. 

Leaf senescence in genotype lOF is associated with an increase in both ACC content and 

ethylene evolution of the leaves. The increase in levels of ACC slightly precedes that of 

ethylene production, but occurs concomitantly with the onset of senescence (as judged by 

chlorophyll loss). 

The coding regions of two distinct ACC oxidases were generated from leaf tissue of 

genotype IOF using RT-PCR with degenerate oligonucleotide primers. The coding regions 

were designated TR-ACO l  and TR-AC02. TR-ACO l and 2 are 84 % and 87 % similar in 

nucleotide and amino acid sequence respectively. Genomic Southern analysis using these 

regions as probes confirmed that both sequences are encoded by distinct genes, but also 

suggested that there may be additional genes closely related to both TR-ACOl and TR­

AC02. 

Gene expression studies during leaf maturation and senescence were undertaken using 

these regions as probes. TR-ACOl hybridised to a single RNA transcript of ca. 1 .35  Kb 
on the northern blot. Expression of this transcript was high in mature green leaves but 

declined as the leaves senesced. By contrast, TR-AC02 hybridised equally to two RNA 

transcripts of ca. 1 . 17 Kb and 1 .35 Kb on the northern blot, and unlike expression of TR­

ACO 1 ,  the levels of these transcripts were low in mature green leaves and increased as the 

leaves senesced. 

The 3'-UTRs of TR-ACOl and TR-AC02 were generated using 3'-RACE (Randomly 

AmplifIed �DNA Ends) .  Repeating the genomic Southern analysis with these regions as 

probes indicated that the gene for TR-ACOl may be polymorphic, and that there may be an 

additional ACC oxidase gene in the genome that encodes a transcript with a similar coding 

region, but divergent 3'-UTR to TR-AC02. 

The 3'-UTRs of TR-ACO l and 2 confirmed the expression patterns of their cognate coding 

regions in northern analysis, except that the 3'-UTR of TR-AC02 hybridised only to the 

1 .35 Kb and not the 1 . 1 7  Kb transcript. 
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ACC oxidase activity assayed in vitro correlated with the levels of gene expression of TR­

ACO 1 but not the senescence-associated TR-AC02, with the activity being highest in 

mature green leaves and declining as the leaves senesced. The decrease in activity was 

greatest when expressed on a per unit fresh weight basis (ca. 8-fold) than per unit protein 

basis (ca. 3-fold) . The extraction and assay conditions altered in this study were not able to 

prevent the decline in ACC oxidase activity in vitro that occurred during leaf senescence. 

Polyclonal antibodies raised against the translation products of TR-ACOl and 2 expressed 

in E. coli recognised a protein of the expected size (ca. 36.4 kDa) for ACC oxidase using 

western analysis. The pattern of protein accumulation recognised by the antibodies raised 

against TR-ACOl (in rabbits) broadly matched gene expression of TR-ACOl and activity 

of ACC oxidase. That is, antibody recognition was highest in mature green leaves and 

declined as the leaves senesced. By comparison, the antibodies raised against TR-AC02 

(in rats) recognised a protein of the same siZe with weak avidity. The pattern of 

accumulation was similar to that observed with the TR-ACOl-raised-antibodies, and 

therefore not consistent with the gene expression pattern of TR-AC02. It was concluded 

that these antibodies were cross-reacting with the same protein as that recognised by the 

TR-ACOl-raised-antibodies and that the lower enzyme activity was due to lower TR­

ACO 1 ACC oxidase protein. 

Wounding mature green leaves increased TR-AC02 gene expression, but as observed for 

the senescing leaves, increased gene expression of TR-AC02 was not correlated with 

increased protein accumulation or ACC oxidase enzyme activity. 

Potential explanations as to why the increased gene expression of TR -AC02 during leaf 

senescence (or wounding) is not accompanied by increased protein accumulation and ACC 

oxidase activity are discussed. 
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Introduction 1 

1. INTRODUCTION 
Overview 

The plant hormone ethylene has been shown to regulate a diverse array of physiological 

processes in plants. An important aspect of how the hormone mediates these processes is 

the regulation of ethylene biosynthesis. The l -aminocyclopropane-l-carboxylic acid 

(ACC)-mediated biosynthetic pathway in higher plants comprises three enzyme steps which 

together convert methionine to ethylene. Traditionally, the conversion of S­

adenosylmethionine to ACC, catalyses by ACC synthase, has been considered to be the rate 

determining step in the pathway. More recently, there is an emerging view that regulation 

of  ACC oxidase, which catalyses the terminal step in the pathway (the conversion of ACC 

to ethylene),  also represents a further tier of control of the pathway. In the few plants that 

have been examined thus far, ACC oxidase has been shown to comprise a small multigene­

family with each member under different temporal, environmental and/or developmental 

control. 

This thesis examines the transcription and translation of ACC oxidase genes during leaf 

maturation and senescence in the pasture legume white clover. The aim is to seek evidence 

for differential transcription and translation of the white clover ACC oxidase gene family 

during thi� physiological process. 

1.1 Ethylene in plant development 

Human civilisation has unknowingly used the plant hormone ethylene to manipulate plant 

development for hundreds, perhaps thousands of years. The Chinese, for instance, used 

burning incense to ripen their fruits (Yang and Dong, 1 993), and Puerto Rican pineapple 

growers and Philippine mango growers used bonfIres around their crops to help initiate and 

synchronise flowering (Salisbury and Ross, 1 985) .  Both affects are now attributed to 

ethylene. However, it was not until early this century that ethylene was identifIed directly as 

being able to modify plant responses (Neljubov, 1 90 1 ,  cited in Abeles et al., 1 992).  

Neljubov reported that treatment of etiolated pea seedlings with ethylene caused: 

• thickening of the stem and inhibition of root and hypocotyl elongation 

• more pronounced curvature of the apical hook 
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• a h orizontal growth habit 

2 

C ollectively these morphological adaptations have been termed the triple response, the 

physiological purpose of which may be t o  facilitate soil penetration by germinati ng seeds 

(see below) . 

The importance of ethylene for survival of plants is suggested by its omniscient presence in 

plants .  There is, for instance, only one documented example of a higher plant 

(Potamogeton pectinatus) that is unable to  produce ethylene and survive successfully in the 

environment (Summers et al., 1 996). 

Ethylene influences a diverse array of plant growth and developmental processes. S ome of 

these are listed below along with, in most cases, s ome recent evidence which demonstrates 

unequivocally the i nvolvement of ethylene i n  these processes . 

• S eed germination: Application of ethylene breaks the dormancy of many seeds 

i ncluding, lettuce (Lieberman, 1 979), Amaranthus (Kepczynski et ai., 1 997 ), a nd 

cocklebur (Y oshiyama et al., 1 996). 

• Emergence of seedlings from soil: Ethylene action has been show n  to be important for 

e nabling newly germinated seedlings to emerge through s oil. For example, Arabidopsis 

thaliana seedlings selected by their ability t o  elongate in the presence of 1 0  ilL Cl 
ethylene (i.e. absence of the triple res ponse phenotype) were less able t o  emerge 

through sand than wild type seedlings (Harpham et al., 1 99 1 ) , with the ability t o  

emerge being directly proportional t o  their sensitivity to ethylene. 

• Root produ ction and growth: The rate of root elongation of sunfl ower seedlings 

treated with 1 0  IlM ACC was 40 % that of the control plants 1 2  hours after application 

(Finlayson et aI., 1996) . This inhibition of elongation could be prevented by treatment 

of the seedlings with silver thiosulphate (STS ; an inhibitor of ethylene action) . The 

number of root primordia formed on cut hypocotyls of sunflower could be lowered by 

application of arninoethoxyvinyl glycine (AVG), an inhibit or of ethylene biosynthesis 

(Liu et al., 1 990) . This effect could be reversed by application of ethe ph on (a 

compound that readily degrades to ethylene) . 

• Aerenchyma formation in roots: Aerenchyma is stimulated by anoxic conditions , for 

example those experienced by roots during flooding, and it involves cell death and lysis 

of cell walls of s pe cific cortical cells. It is thought t o  enable acceleration of O2 diffusion 
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from aerial parts to 02-deficient tissues o f  the root. Aerenchyma formation can be 

promoted by exogenous ethylene in stems of sunflower under fully aerobic conditions 

( Kawase, 1 981 ) .  More recently, the formation of aerenchyma in maize roots by 

treatment with ethylene has been reported to be blocked by EGT A a chelator of  

calcium (He et  al., 1 996). Calcium has previously been shown to  be  an important 

secondary messenger in the ethylene signal transduction pathway (Raz and Flu hr, 

1 992). 

• Shoot elongation: Induction of ethylene can either inhibit shoot elongation (for 

example, as part of the triple response) or promote it, as in rice (Sanders et al. , 1 990) . 

Norbornadiene (NBD; an inhibitor of ethylene action) was able to inhibit the promotion 

of shoot elongation of rice coleoptiles (Sanders et al. , 1 990) . 

• Flower initiation, development and senescence: Application of ethylene can replace 

drought or chilling as an inducer of flowering (Reid, 1 995).  Senescence of certain 

flowers is considered to be an ethylene-mediated event. For example, increased levels 

of ethylene are associated with senescence of carnation flowers (Sisler et al. , 1 996), 

and both the increase in ethylene and flower senescence can be inhibited by treatment of 

the flowers with I -methylcyclopropene ( I -MCP; an inhibitor of ethylene action) . 

Treatment of roses with I -MCP has also been shown to delay flower senescence and 

abscission of buds (Sisler and Serek, 1 997). 

• Ratio of male to female flowers: Application of ethylene enhances the formation of 

female flowers in cucumber (Reid, 1995).  A study of monoecious (separate male and 

female flowers on the same plant) and gynoecious (female flowers only) cucumber 

plants has revealed the presence of an additional copy of ACC synthase (an enzyme in 

the ethylene biosynthetic pathway) in the gynoecious plants that is closely linked (as 

determined by segregation analysis) to the locus F that determines female sex 

expression (Trebitsh et al., 1 997). 

• Fruit ripening: Ethylene is considered to control the initiation of changes in colour, 

aromas, texture, flavour and other biochemical and physiological attributes in 

climacteric fruit (Lelievre et al. , 1 997). When ethylene biosynthesis in tomato fruit is 

downregulated (by the introduction of a gene for ACC synthase in antisense orientation 

and under the control of the CaMV 35S promoter) the fruit fail to ripen fully (Oeller et 

al. ,  1 99 1 ) . 
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• Nodulation of legumes: Ethylene may have a role in limiting rhizobium infections as an 

ethylene insensitive mutant of Medicargo trunculata was found to exhibit an increase in 

the number of persistent rhizobium infections compared with wild-type plants 

(Penmetsa and Cook, 1 997) . 

• Response to pathogen: S equences in the promoter regions of pathogenesis related 

proteins have been shown to confer ethylene responsiveness (Shinshi et al. , 1 995) .  

Further evidence includes the increase in accumulation of two gene transcripts of ACC 

oxidase (an enzyme in the ethylene biosynthetic pathway) in tobacco leaves infected 

with the tobacco mosaic virus (Kim et al., 1 998). 

• Abscission: Ethylene has a crucial role in regulating the timing of abscission (Roberts 

et al. ,  1988 ;  Osborne et al. , 1 989) . Using a B-glucuronidase (GUS) reporter gene 

fused to the promoter of ACC oxidase, Blume et al. ,  ( 1 997) were able to show an 

increase in GUS expression in cell layers of the green leaf petiole next to the future 

abscission zone (before any visible tissue separation), which is consistent with a role for 

ethylene in promoting the formation of the abscission zone. 

• Leaf senescence: (see section 1 .4.7) 

1.2 M ode of ethylene action 

The ability of ethylene to influence such a diverse array of plant responses, from seed 

germination to senescence, begs the question as to how a single hormone is able to achieve 

this. Currently, the weight of evidence suggests that ethylene reception and transduction 

rather than ethylene metabolism is the mediator of ethylene action as (i) the products of 

ethylene metabolism do not elicit ethylene-like responses, and (ii) ethylene effects can be 

mimicked by some hydrocarbons (McKeon et al. ,  1 995). 

The ethylene receptor and some of the components of its associated transduction pathway 

that lead to ethylene response have now been identified in A. thaliana (see reviews by 

Chang and Meyerowitz, 1995; Chang, 1 996). The ethylene receptor was initially found by 

screening A.  thaliana plants for absence of the triple response after treatment with ethylene 

(Bleecker et aI. , 1 988).  One mutant, designated ETR I ,  was shown to lack a number of 

responses to ethylene that are present in the wild type plant . These responses included 

inhibition of cell elongation, promotion of seed germination, enhancement of peroxidase 

activity, feedback suppression of ethylene synthesis and acceleration of leaf senescence. As 
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it w as also shown to have a reduced capacity to bind ethylene (20 % o f  wild type) ,  it was 

suggested that the ETRl gene may encode the ethylene receptor (Bleecker et al., 1 988) . 

The ETRl gene has now been cloned (Chang et al., 1 993), found to display sequence 

homology to a family of prokaryotic environmental signal transducers known as two­

component regulators, and when expressed in yeast demonstrated to bind ethylene 

(Schaller and Bleecker, 1 995) .  The ability to affect many developmental processes, and to 

bind ethylene, coupled with its homology to other known prokaryotic environmental signal 

transducers suggest that the ETRl protein is not just an ethylene binding protein, but an 

ethylene receptor. 

The ethylene receptor in A. thaliana and tomato is encoded by a multigene family with four 

members in A. thaliana (ERS, Hua et al. , 1 995 ;  ein 4, Roman et al., 1 995 ; ETR2, Sakai, et 

al., 1 998) and two in tomato (tETR, Paynton et al., 1 996; eT AB l ,  Zhou et al., 1 996) . 

The presence of different forms of the receptor may, in part, explain changes in ethylene 

sensitivity of tissue (Barendse and Peeters, 1 995).  For instance, the ETR l homologue in 
tomato (tETR) , is expressed differentially during ripening, flowering, senescence and 

abscission (Payton et al. ,  1 996) . Levels of tETR were undetectable in unripe fruit and 

presenescent flowers, but accumulated during the early stages of  ripening and flower 

senescence. Similarly in floral abscission zones, levels of tETR increased after anthesis. 

A consequence of ethylene binding to its receptor is the induction of mRNAs and proteins 

which carry out the ethylene response. There are now examples of mRNAs that are 

induced by ethylene. These include the mRNAs encoding chitinase (Ishige et al., 1 99 1 ) , 

cellulase (Ferrarese et al., 1 995) and a cysteine protease (Jones et al., 1 995) .  Progress has 

now been made in identifying the promoter elements in the sequences of these genes that 

confer ethylene responsiveness (Ohme-Takagi and Shinshi, 1 995). These sequences 

(�thylene response �lements, EREs) have been shown to be conserved in the promoter 

regions of a number of pathogenesis-related proteins and found to consist of an 1 1  base 

pair sequence (T AAGAGCCGCC) named the GCe box. This sequence has been shown to 

be important for ethylene responsiveness because deletion of the Gee box eliminates 

ethylene responsiveness of promoters (for example, the chitinase promoter of tobacco;  

Shinshi et al. , 1 995),  and because it is  able to confer ethylene responsiveness to a minimal 

CaMV promoter (Ohme-Takagi and Shinshi, 1 995) .  Recently, an AT rich enhancer 

sequence (distinct from the GCe box) has been shown to confer ethylene responsiveness to 
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a carnation glutathione S-transferase gene by GUS-promoter deletion studies (Maxson and 

Woodson, 1 997). 

Changes in sensitivity (or competence to respond) to ethylene are important in determining 

the ability o f  the plant to respond to the hormone. Tomato fruits, for example, need to 

have reached a certain developmental stage in order to be responsive to the ripening effects 

of ethylene (Grierson and Kader, 1 986). However, of equal importance, is the 

concentration of ethylene that the fruit tissue is exposed to. For example, the fruit of 

transgenic tomato plants that have been genetically engineered to produce low levels of 

ethylene (as compared with wild type) ripen more slowly ( Klee, 1 993) and in some 

instances fail to completely ripen (Oeller et al. , 1 99 1 ) . Furthermore, transgenic tomato 

plants that are unable to produce high levels of ethylene in response to flooding stress 

(through the introduction of an ACC oxidase gene in the antisense orientation) display 

lesser epinastic curvatures of the petioles (an ethylene-mediated response) than wild type 

(English et al. ,  1 995), It would appear then, that control of ethylene production is an 

important aspect of how the hormone regulates a diverse array of responses in plants. 

1.3 Ethylene biosynthesis 

In higher plants (cycads, gnetales, gymnosperms, and angiosperms; Osborne et al. , 1 996), 

production of ethylene is  regulated both in a developmental manner and by external factors 

(biotic and abiotic) .  Typically, production is high in young fruit, vegetative and floral tissue 

during the period of rapid cell division, but declines during cell expansion before increasing 

again during ripening and senescence (Abeles et al. , 1 992) . An increase in ethylene 

production due to the presence of external factors is termed stress ethylene (Abeles et al. , 

1 973) . S tresses of abiotic nature that increase ethylene production by tissue include 

mechanical wounding, bending, rubbing, physical restraint, radiation, elevated 

temperatures, chilling, dehydration, and various chemical stimuli such as heavy metal ions, 

herbicides ,  and defoliants and gases such as sulphur dioxide and ozone (Hyodo, 1 99 1 ;  

Abeles et al. ,  1 992) . In contrast, biotic stresses are caused by invasion o f  tissues by 

viruses, bacteria, fungi, or attack by insects and nematodes. 

The pathway by which ethylene is formed in higher plants differs from that of lower plants 

(liverworts ,  mosses and ferns). Treatments that influence the rate of ethylene production in 

higher plants (wounding, hormone treatment, ACC application) have little or no effect in 

lower plants (Osborne et al., 1 996) . While it remains unclear how ethylene is produced in 
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lower plants (Osborne et al. , 1 996) , significant progress has been achieved in determining 

the p athway of ethylene formation in higher plants (Yang and Hoffman 1 984). 

Ethylene may be produced from three sources in higher plants; the methionine cycle (Yang 

cycle), from non-enzymatic oxidative processes resulting from the interaction of free 

radicals with ACC (Lesham, 1 992), and from conversion of short linear aldehydes 

(pent anal) to ethylene (Knudsen et al. , 1 994). The physiological significance of the latter 

two sources remains unclear. In contrast, it is well established that in higher plants ethylene 

is formed predominantly via the ACC-mediated biosynthetic pathway (an offshoot o f  the 

methionine cycle) (Yang and Hoffman 1 984). 

1 .3.1  ACC-mediated ethylene production 

Elucidation of the ACC-mediated pathway was mainly achieved by S .F. Yang and 

associates (see Yang and Hoffman, 1 984) . Initially, model (non-enzymatic) systems were 

used to unravel the biosynthetic pathway (Lieberman, 1 979) since no ethylene could be 

produced from tissue in the cell-free state. 

One of the fIrst systems investigated was the peroxidised linolenate system (Lieberman and 

Mapson, 1 964) .  This system was considered originally as analogous to the natural (in vivo) 

ethylene forming system (EFS) ,  which acted upon linolenate released from membranes 

during senescent-associated disintegration. However, although ethylene could be produced 

1 4  
b y  this model system, it did not represent the EFS in vivo as C-linolenate was not 

1 4  
converted by apple, tomato, or cauliflower tissue into C-ethylene (Mapson et al., 1 970). 

The discovery of methionine (a known free radical scavenger) as an intermediate of the 

pathway occurred fortuitously. When methionine was added to the linolenate system in an 

attempt to reduce ethylene production (by quenching free radical production), ethylene 

production increased. It was then discovered that methionine itself could act as a substrate 

for ethylene in the model system in the absence of peroxidised linolenate (Lieberman et al. , 

1 965).  Further proof that methionine may be part of the EFS came from studies which 

14  
showed that C-methionine, labelled at carbons 3 and 4,  was incorporated into ethylene in 

apple tissue (Lieberman et al., 1 966). 

Tissue systems in vivo using 
14  

C-methionine, together with inhibitors of ethylene 

biosynthesis, were then used to identify further components of the pathway. S-adenosyl-L­

methionine (AdoMet) was proposed by Adams and Yang ( 1 977) to be an intermediate of 
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the pathway, because 14C methionine fed to apple tissue was incorporated into both 5'­

methyl thioadenosine (MT A) and S'-methyl thioribose (MTR), which were known products 

of the reaction catalysed by ATP: methionine S-adenosyltransferase (AdoMet synthetase) .  

The immediate precursor o f  ethylene was then found using another characteristic of  the in 

vivo ethylene forming system, the requirement for oxygen. The substrate for the ethylene 

forming enzyme (EFE) was identified in 1 979 by feeding radio labelled 14C methionine to 

plugs of  apple fruit tissue (Adams and Yang, 1 979). Apple tissue efficiently converted 

14C-methionine to  ethylene when the tissue was held in air, but if the tissue was made 

anaerobic (held in N2), 1 4C-methionine was not metabolised to ethylene, but to a compound 

"X" which accumulated. Upon placing the t issue back in air, the level of compound "X" 
decreased with a concomitant surge in ethylene production. This compound was identified 

by Adams and Yang ( 1 979) as the cyclic non protein amino acid, ACe. 

The complete pathway for ethylene synthesis is now well established ( Kende, 1 993) .  The 

pathway starts by the diversion of methionine into the Yang (or methionine) cycle 

(Figure 1 ) . The adenosyl group of ATP is then attached to methionine by Ado Met 

synthetase to produce S-adenosyl-methionine (AdoMet) .  At this stage the pathway is not 

committed to ethylene formation as AdoMet can participate in a variety of other reactions 

in the cell ( see below). The fIrst committed step is that catalysed by the enzyme ACC 

synthase. ACC synthase produces ACC by cleaving the MT A moiety from Ado Met. 

Production of MT A in this reaction is important as methionine can be regenerated from it 

via the Yang cycle. Without this regeneration it is thought that levels of  methionine would 

quickly become limiting in tissue (Baur et aI. ,  1 972) . Two possible fates await the ACe 

produced. ACC can either be conjugated to l -(malonylarnino )cyclopropane- l -carboxylic 

acid (MACC) which appears to be the major ACC-conjugate in plants (Arnrhein et aI. ,  

1 98 1 ;  Hoffrnan et al., 1 982A). In immature green tomato fruit ACe can also be 

conjugated to I - (gamma-L-glutarnylarnino) cyclopropane- I -carboxylic acid (GACC) 

(Martin et aI., 1 995) ,  to a level of about l a  % that of MACe (Peiser and Yang, 1 998).  If 

not conjugated, ACC is converted by the action of ACC oxidase to ethylene with the 

overall result being that ethylene is derived from carbons 3 and 4 of methionine. 
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Figure 1 .  The Ethylene Biosynthetic Pathway. 
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ACC, 1 -aminocyclopropane- 1 -carboxylic acid ; AdoMet, S-adenosylmethionine; 

DAdoMet, decarboxylated AdoMet; MTA, 5'-methylthioadenosine; MTR, 5'­

methylthioribose; MTR-1 -P, S'-methylthioribose-1 -phosphate; KMB, 2-keto-4-

methylthiobutyrate; GACC, 1 - (gamma-L-glutamylamino) cyclopropane-1 -carboxylic acid ;  

MAC C ,  1- ( malonylamino) cyclopropane- 1 -carboxylic acid . 
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1 .3.2 Enzymes of the ACC-mediated biosynthetic pathway 

1 .3.2. 1 AdoMet synthetase 

10 

Ado Met synthetase (EC 2.5 . 1 .6) is a ubiquitous enzyme found in both prokaryotic and 

eukaryotic organisms (Tabor and Tabor, 1 984). Ado Met synthetase is classified as a 

house-keeping enzyme due to its pivotal role in cellular biochemistry (Fluhr and Mattoo , 

1 996) . It provides Ado Met not only for ethylene production, but for polyamine synthesis, 

and transmethylation reactions of proteins, carbohydrates, lipids and nucleic acids (Tabor 

and Tabor, 1 984) . The link between polyamine production and ethylene biosynthesis is of 

p articular interest as application of polyamines has been shown to inhibit ethylene 

production in some plants .  For example, application of spermine to cut carnation flowers 

delayed flower senescence ,  and reduced ethylene production, ACC content, and activities 

and transcript amounts of both ACC synthase and ACC oxidase (Lee et al., 1 997).  

Although not a committed enzyme of ethylene biosynthesis, AdoMet synthetase is encoded 

by a multigene family in plants with the different family members under differential control 

( Schroder et al. , 1 997 ;  Peleman et al. , 1 989) .  The existence of multiple controls on 

Ado Met synthetase suggests that the level of AdoMet produced by the constitutive enzyme 

is not always sufficient. In this regard, expression of Ado Met 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 elicitors (Somssich et aI. , 1 989; Gowri 

et aI. ,  1 99 1 ;  Kawalleck et al. , 1 992),  mechanical stimuli (Espartero et al. , 1 994; Kim et al. , 

1 994) and ozone exposure (Tuomainen et al. ,  1 996, cited in Gomez-Gomez and Carrasco, 

1 998),  2 ,4-dichlorophenoxyacetic acid (2,4-D) application (Gomez-Gomez and Carrasco, 

1 998)  and during fruit ripening (Whittaker et aI. , 1 997) .  Interestingly, all of these factors 

are also known to induce ethylene biosynthesis (Abeles et al. , 1 992) . Further, a more 

direct effect of ethylene on transcript induction has been shown in Actinidia chinensis fruit 

where AdoMet synthetase transcripts were shown to be induced by the exposure to 

exogenous ethylene (Whittaker et aI. , 1 997) .  Taken together, these observations suggest 

that an important role of the enzyme is to replenish Ado Met during periods of enhanced 

ethylene synthesis (Boerjan et al., 1 994; Whittaker et al. ,  1 997) .  
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1.3.2.2 A CC synthase 

ACC synthase (S-adenosyl-L-methiorune; methylthioadenosine lyase; EC 4.4. 1 . 1 4) ,  an 

enzyme found in the cytosolic fraction of plant tissues, converts the arninopropyl group of 

AdoMet into ACC (Adams and Yang 1 979) . The enzyme requires pyridoxal-5'-phosphate 

as a cofactor, and like other enzymes that require pyridoxal-5'-phosphate, is inhibited by 

AVG and arninooxyacetic acid (AOA) (Imaseki, 1 99 1 ) .  

ACC synthase protein was fIrst purifIed from ripened tomato pericarp after a wounding 

pretreatment (Bleecker et al. , 1 986) . Subsequently it has been purifIed from aged 

mesocarp of Cucurbita maxima (Nakajirna et al. , 1 988) ,  hypocotyls of mungbean (Tsai et 

al. ,  1 988) ,  thin slices of zucchini after induction with indole-3-acetic acid (IAA) , benzyl 

aderune, lithium chloride and AOA (Satoh and Theologis, 1 989; Sato et al. , 1 99 1 )  and 

ripening tomato (Van der Straeten et al. ,  1 990) and apple fruit (Yip et al., 199 1 ). 

Low abundance and lability of the enzyme are characteristics of ACC synthase (Acaster and 

Kende, 1 9 8 3 ;  Bleecker et al. ,  1 986) .  The level of ACC synthase protein in ripened tomato 

pericarp was estimated at 0.000 1 % of total protein, a level which could be elevated 1 00-

fold by wounding (Bleecker et al., 1 986).  The lability of the enzyme is due in part to a 

catalytic-based inactivation where a covalent linkage is formed at the active site between 

ACC synthase and its substrate AdoMet (Satoh and Esashi, 1 986;  S atoh and Yang, 1 988 ;  

Casas et al. ,  1 993) .  For example, the half-life of a preparation of ACC synthase extracted 

from mungbean hypocotyls was reduced from 23.5 to 1 2  mm when the concentration of 

AdoMet was increased from 40 to 1 50 /-LM (Satoh and Esashi, 1 986). 

ACC synthase has been reported to occur as either a monomer or dirner, with the mono mer 

having a molecular mass of 48 kDa (from apple fruit) to 58 kDa (from squash fruit) (Fluhr 

and Mattoo, 1 996) . The Km of ACC synthase for its substrate AdoMet is reported to vary 

between 1 2  /-LM for an apple ACC synthase expressed in E. coli (White et al. , 1 994) to 60 

/-LM for the enzyme purifIed from etiolated hypocotyls of mung bean (Nakajima and 

Imaseki, 1 986).  ACC synthase has a pH optima in the alkaline region, with an optima of 

pH 8 .0 and 9 .5 reported for the enzyme purifIed from mung bean hypocotyls (Tsai et al. ,  

1 99 1 )  and C. maxima fruit tissue (Sato et  aI. , 1 99 1 )  respectively. 

Multiple members of ACe synthase have been found in plants, with arnlnO acid sequence 

identities varying from 48 to 97 % (Woltering and de Vrije, 1 995) .  Seven members have 
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been identified in tomato ( Oetiker et al. ,  1 997), seven in mung bean (Yu et al. , 1 998),  four 

in Stellaria longipes; five in A. thaliana (Liang et al., 1 992),  three in potato (Destefano­

Beltran et al. , 1 995); and two in carnation (Park et al. ,  1 992).  

ACC synthase is widely regarded as the major rate determining enzyme of the ethylene 

biosynthetic pathway (Kende, 1 993) .  This was initially suggested by the finding that 

ethylene production increased in plant organs (excluding preclimacteric fruits and flowers) 

after application of ACC (Hoffman and Yang, 1 980), and that levels of endogenous ACC 

were highest in tissue that produced high amounts of ethylene, for example, at certain 

stages of  development (fruit ripening, and flower senescence), and in response to stress 

(wounding, waterlogging, chilling and pathogen attack) and auxin application (Yang and 

Hoffinan, 1 984) . Furthermore, application of AVG prevented both the increase ill 

endogenous ACC and the concomitant ethylene production (Yang and Hoffman 1 984). 

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 fruits of tomato (Boller et al., 1 979) , in etiolated mung-bean hypocotyls treated 

with auxin (Yu et al., 1979), in senescing petals of carnation flowers (Park et al. , 1 992), in 

the stigma of petunia flowers following pollination (Pech et al. ,  1 987), in bean leaves 

treated with cadmium (Fuhrer, 1 982) and in potato tubers and mesocarp tissue of C. 
maxima following mechanical wounding (Bums and Evensen 1 986; Hyodo et al., 1 989) .  

The availability of  cDNA probes for ACC synthase has enabled further analysis of the 

regulation of ACC synthase activity at the molecular level. It is now apparent that the 

ability of  different stimuli to influence the activity of ACC synthase is not through multiple 

regulation of the same gene, but through the regulation of distinct genes which may or may 

not have similar regulatory elements. For example, different members of the multigene 

family are expressed differentially in response to wounding, anaerobiosis, lithium chloride, 

and auxin treatments in etiolated A. thaliana seedlings (Liang et al. , 1 992), in response to 

treatment with a yeast elicit or in tomato suspension cells (Oetiker et aI. ,  1 997) , in response 

to wounding in tomato fruit tissue (Lincoln et al., 1 993),  in different tissue of carnation 

flowers (Ten Have and Woltering, 1 997) ,  in response to photoperiod and temperature in S. 

longipes (Kathiresan et al. , 1 998) ,  in response to lithium chloride and lAA in mung bean 

hypocotyls (Kirn et al. , 1 997'; Yu et aI. , 1 998), in response to fungal infections in tomato 
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plants (Spanu et al. , 1 993),  and in response to ethylene application of the wounded 

mesocarp tissue of C. maxima (Nakij ima et aI., 1 990) .  

In many instances, ethylene production rates positively correlate with ACC synthase 

transcription (Sato and Theologis, 1 989;  Huang et a!. , 1 99 1 ;  Olson et al. , 1 99 1 ;  Rottmann 

et aI. , 1 99 1 ;  Kim et al., 1 992; Park et al., 1 992;  Harpster et al. , 1 996) suggesting that 

ethylene production is controlled by ACC synthase activity regulated at the level of gene 

transcription. 

There are, however, examples where ethylene production does not correlate with the 

accumulation of the ACC synthase transcript, for example, in the styles of cut carnation 

flowers (Ten Have and Woltering, 1 997) ,  during elicit or-based induction of ethylene in 

tomato suspension cultures (Spanu et al., 1 993 ;  Oetiker et al., 1 997), in response to 

wounding of carnation flowers (Park et al. , 1 997) ,  in response to benzyl adenine treatment 

of A. thaliana plants (Vogel et al. ,  1 998) and during the circadian-based ethylene 

production of S. longipes (Kathiresan et al. , 1998) .  This may be due to the presence of  yet 

unidentified ACC synthase genes, the occurrence of differential transcription, post­

transcriptional processing and post-translational modifications of the enzyme, conjugation 

of the ACC produced, or due to the influence of ACC oxidase. Examples of all of these 

mechanisms have been reported and will be discussed. 

In tenns of transcriptional processing, an auxin-inducible ACC synthase gene transcript of 

pea (Ps-ACS I ) , was found to recognise two RNA transcripts (ca. 1.6 and 1 .9 Kb) on 

northern blots. The larger transcript was not considered to be due to incomplete 

processing of introns, but due to the presence of an alternative promoter within the 

sequence of the larger transcript (Peck and Kende, 1 998) .  The reason for differential 

transcription of the same gene remains unclear. 

Post-transcriptional processing involving incomplete RNA splicing (incomplete removal of  

introns) has been reported for transcripts of  ACC synthase isolated from flooded roots of 

tomato (Olson et al. , 1 995) . This was shown for the LE-ACS3 transcript by probing poly 

(A+) RNA of tomato with sequences specific to introns one and three of the LE-ACS3 gene 

and identifying distinct transcripts that differ by the size expected if the introns were 

removed. The authors proposed that differential splicing of the ACC synthase gene 

transcript may represent a form of post-transcriptional control. However, this remains to 

be proven. 
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The increase in ethylene production of tissue may not always be regulated by increased 

transcription of ACC synthase, but by post -translational modification or increased 

translation of the protein. For instance, both the length and primary sequence of the 

COOH -terminal region of various ACC synthases is hypervariable despite a high degree o f  

similarity in the rest of  the protein (Theologis, 1 992).  Further, it  has been shown in a 

heterologous E. coli expression system that a deletion o f  46 to 52 amino acids at the 

COOH-terminal region results in an enzyme with nine times higher affInity for AdoMet 

than wild type (Li and Mattoo ,  1 994) . Evidence that modification at the C OOH-terminal 

region can regulate ACC synthase activity in the plant has come from a study that identifIed 

a cytokinin-responsive ACC synthase in A. thaliana (Vogel et aI. , 1 998). The gene was 

identifIed by T -DNA tagging a population of Arabidopsis plants that lacked a triple 

response in the presence of cytokinin. The gene was found to encode ACS 5  (Liang et aI. , 

1 996) , the same gene in which a lesion results in the 20-fold overproduction of ethylene 

observed in the eto2 mutant plants. The eto2 phenotype was found to be due to a single 

base pair mutation, 35 bp upstream of the stop codon of ACS 5  (Vogel et al., 1 998) .  As 

cytokinin application resulted in only a modest transient increase in ACS 5  transcription 

(less than 2-fold after I h), yet ethylene biosynthesis increased more than 8-fold over four 

days, it was proposed that cytokinin may act by relieving the negative influence of the 

COOH-terminal region of the ACS5 protein. 

Increased translation from pre-existing rnRNA is implicated in the carbon dioxide mediated 

increase in ethylene production of cucumber (Mathooko et aI. , 1 998).  The increase 

required protein kinase activity (which indicates signal transduction), but the activation did 

not require transcription de novo as shown by the non effect of transcriptional inhibitors . 

Instead a requirement for protein synthesis was demonstrated (cycloheximide inhibited the 

increase in activity) suggesting that carbon dioxide may act by increasing the translation o f  

the enzyme. 

1.3.2.3 ACC conjugation 

ACC can be conjugated into either MACC by N-malonyltransferase (Amrhein et aI., 1 98 1 ;  

Hoffrnan et aI. , 1 982) or GACC by glutamyl ACC transferase (Martin et ai. , 1 995; Fluhr 

and Mattoo, 1 996) .  MACC is  found throughout the plant, including vegetative tissue, 

seeds and ripening fruit (Amrhein et al. , 1 982; Satoh and Esashi, 1 984; Yang et al. , 1 993) .  

I t  is  synthesised in the cytosol and stored in the vacuole (Bouzayen et ai., 1 989) .  
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N-malonyltransferase has now been partially purified from etiolated hypocotyls of mung 

bean (Guo et al., 1 992; Benichou et al., 1 995) and tomato fruit (Martin and Saftner, 1 995) . 

Two isoenzymes have been discovered in mung bean that have different molecular weights 

and kinetic parameters. A 3 6  kDa isoenzyme exhibits a lower temperature optimum (40°C) 

and a seven- and three-fold lower apparent Km for ACC (68 /lM) and malonyl-Co (74 /lM) 

respectively when compared with a 55 kDa isoenzyme (Benichou et al. , 1 995) .  In tomato, 

N-malonyltransferase activity was found to be enhanced by exposure to ethylene in 

immature green and mature green, but not ripening, tomato fruit (Martin and Saftner, 

1 995).  

The physiological significance of ACC conjugation for controlling ethylene production is 

still unclear. In some plant tissues, MACC is considered to be the inactive end product of 

ACC, and is not oxidised to ethylene (Hoffman et al. , 1 983).  It therefore could act to 

control ethylene production by sequestering the ACC produced by ACC synthase in an 

irreversible reaction. For example, during ripening of bananas the peel produces up to 80-

fold less ethylene than the pulp even though it has seven-fold more ethylene forming 

activity (Dominguez and Vendrell, 1 993). This was proposed to be due to the greater 

amount of ACC conjugation observed in the peel as compared with the pulp. 

However, it has been shown in vegetative (tobacco leaf discs and watercress  stems; Jiao et 

al. , 1 986) and floral tissues (senescing carnation flowers; Hanley et al., 1 989) that MACC 

can be hydrolysed and serve as a source of ACC for ethylene production. In watercress 

stems, the hydrolysis of MACC to ACC was confirmed by radio labelling MACe. 

However, only ca. 2 % of the MACC was converted to radio labelled ACC and the 

hydrolysis required a long incubation time (several hours) as well as high concentrations of 

MACC (the Km of the putative hydrolase was estimated to be 0.45 mM) (Jiao et al. , 

1 986) .  Further work, therefore, is required to demonstrate unequivocally the significance 

of ACC conjugation in plant tissues. 
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1.4 ACC oxidase 

1 .4.1 Identification of EFE as ACC oxidase 

16 

Characterisation of ACC oxidase (formerly the ethylene-forming-enzyme, EFE) has lagged 

behind ACC synthase due to the difficulty, until comparatively recently, to assay the 

enzyme in vitro. EFE could be readily assayed in vivo by administration of its substrate, 

ACC, to a wide variety of tissue (Cameron et aI., 1 979).  

Although EFE could be assayed in vivo, obtaining authentic activity in vitro was difficult as 

tissues known to produce high amounts of ethylene, quickly lost this ability upon 

homogenisation. It appeared that to function, EFE required cellular integrity, as the 

presence of detergents (Tween 20 and Triton X- l OO) or osmotic shock treatment, both of 

which can modify membrane structure, greatly reduced activity (Yang and Hoffman, 1 984) . 

Numerous candidates were initially suggested for the EFE. Enzymes such as a peroxidase, 

an IAA-oxidase, a carnation microsomal enzyme, a pea microsomal enzyme, and an enzyme 

from a pea seedling extract could convert ACC to ethylene in the presence of various 

cofactors. Although these systems were oxygen-dependent and heat-denaturable, they 

displayed other characteristics which did not resemble those of the natural system in vivo 

(Yang and Hoffman, 1 984; Venis, 1 984) . For example, the reported Km for the pea 

microsomal enzyme ranged between 1 5  mM to 400 mM, values that were much higher than 

the Km of 66 J.lM reported for the enzyme in vivo from pea epicotyl (McKeon and Yang, 

1 984) . It was suggested, therefore, that the pea microsomal enzyme was converting ACC 

to ethylene by a free radical based mechanism (Yang and Hoffman, 1 984) . Further criteria 

that were established for authentic EFE activity in vitro by the study of the enzyme in vivo 

were inhibition by cobalt ions, production of equirnolar amounts of ethylene, CO2 and 

cyanide from ACC, and stereospecificity for ACC (Yang and Hoffman, 1984). 

The test for stereospecificity was based on ACC possessing reflective symmetry but not 

rotational symmetry, meaning that the two methylene groups of ACC could be 

distinguished by an enzyme which stereodifferentiates. Ethyl substitution at each of the 

four methylene hydrogens of ACC results in four stereoisomers.  An enzyme that 

stereo differentiates would not convert these four stereo isomers into I-butene with equal 

efficiency, and so conversion of these stereo isomers could be used to validate the 

authenticity of the enzyme activity in vitro. Administration of the four stereoisomers in 
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vivo t o  post climacteric apple fruit, excised preclimacteric cantaloupe and etiolated mung 

bean hypocotyls, confIrmed that for authentic EFE only one stereoisomer, (+) -

allocoronamic acid, was favoured (Hoffman et aI. , 1 982). It was shown subsequently that 

neither the peroxidase, carnation microsomal enzyme, pea microsomal enzyme, IAA­

oxidase, or the pea seedling extract were able to stereodiscriminate (Venis, 1 984), 

suggesting their action might be through activating molecular oxygen probably to free 

radicals such as 02- and HO, which in turn react with ACC non-enzymatically to form 

ethylene (Yang and Hoffman, 1 9 84). 

Little progress was made throughout the 1 980s in measuring authentic EFE activity in 

vitro. Vacuoles isolated from leaf-mesophyll protoplasts of pea and bean were the smallest 

cellular entities that exhibited EFE activity in vitro that was both stereospecilic and had the 

expected Km for ACe. Although the vacuoles accounted for ca. 80 % of t he EFE activity 

of the protoplast (Guy and Kende, 1 984), the protoplast itself retained only a very small 

percentage « 5 % )  of the EFE activity observed in plant tissue in vivo and so a signilicant 

proportion (96 %) of the EFE remained unaccounted for (Porter et aI., 1 986).  

The breakthrough that led Ververidis and John ( 1 99 1 )  to obtain complete recovery o f  the 

EFE in vitro can be credited to D. Grierson and associates. It began in 1 985,  with their 

interest in identifying ripening related genes and how they are regulated by ethylene. When 

a cDNA library made from ripe tomato fruits was differentially screened with cDNA 

sequences from mature green and ripe fruit , nineteen non-homologous groups of ripening 

related clones were identilied (Slater et aI., 1 985) .  One clone, designated pTOM 1 3, was 

shown to be homologous to  a mRNA that also accumulated after mechanical wounding of 

unripe tomato pericarp and leaf tissue, prior to the wound-induced peak in ethylene 

production (Smith et al., 1 986).  It was suggested that the pTOM1 3  transcript might either 

be involved in ethylene production or be a transcript that was rapidly induced by ethylene. 

It was subsequently shown that it was both induced by ethylene in mature green tomato 

fruit (Maunders et al., 1987) and involved in ethylene biosynthesis (Hamilton et a l. ,  1 990) . 

This evidence for involvement of pTOM1 3  in ethylene formation came from insertion of its 

sequence in the antisense orientation into tomato plants (Hamilton et al., 1 990) . When 

introduced, the pTOM 1 3  cDNA decreased ethylene synthesis in both wounded leaf tissue 

and ripening fruit in a dose-dependent manner indicating that it played a role in either 

ethylene production, perception, or metabolism (Hamilton et al., 1 990) . It appeared from 
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the sizes of purified ACC synthases from zucchini fruit (53 kDa; Satoh and Theologis, 

1 989) that the protein encoded by pTOM 1 3  (35 kDa; Smith et al., 1 986) was too small to 

be an ACC synthase (Hamilton et al. , 1 990) . To test whether pTOM1 3  could encode EFE, 

an assay in vivo was carried out on leaf discs excised from both control and antisense 

plants, and it was shown that EFE was inhibited only in the antisense plants, and in a gene­

dosage dependent manner (Hamilton et aI., 1 990) . 

Ultimate verification came from the heterologous expression in yeast of a corrected clone 

of pTOM1 3  (2 bases were found to be missing in the original fragment of pTOM 1 3) 

designated pRC 1 3. The yeast cells transformed with pRC 1 3  were shown to convert 

exogenously applied ACC to ethylene, whereas untransformed yeast cells could not 

(Hamilton et aI., 1 99 1 ) .  

The identification o f  the cDNA for the EFE together with the sequence homology i t  shared 

with another enzyme (flavanone-3-hydroxylase) led biochemists to recover and assay the 

recalcitrant EFE in vitro. The predicted amino acid sequence of pTOM 1 3  was found to 

have 33  % identity and 58 % similarity to flavanone-3-hydroxylase from Antirrhinum 

majus, an enzyme known to require anoxic conditions during extraction, and iron and 

ascorbate when assayed (Britsch and Grisebach, 1 986). Using these same extraction and 

assay conditions, EFE was successfully recovered from the soluble fraction of melon fruit 

(Ververidis and John, 1 99 1 ) .  Of significant note was that there was no obligate 

requirement for an intact membrane. The complete loss of ACC oxidase activity previously 

observed in tissue homogenates has now been attributed to the loss of iron and ascorbate 

during extraction, and the low activity of intact protoplasts and vacuoles being due to the 

integral membrane structure maintaining these cofactors in sufficiently high concentrations 

(Fernandez-Maculet and Yang, 1 992) . 

ConfIrmation that the activity in vitro was representative of activity in vivo was achieved 

by fmding a parallel increase in both activities in preclimacteric apple fruits treated with 

ethylene (Fernandez-Maculet and Yang, 1 992), and by the stereospecificity of the reaction 

(Ververidis and John 1 99 1 ;  Kuai and Dilley 1 992; Fernandez-Maculet and Yang, 1 992; 

Dong et aI. , 1 992) . The stoichiometry of the reaction was then determined (Dong et aI., 

1 992) (Figure 2) and as a consequence of this, EFE was renamed ACe oxidase. 
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Figure 2. Stoichiometry of reaction catalysed by ACC oxidase. 

AH2 and A stand for ascorbate and dehydroascorbate respectively. 

1 .4.2 Biochemical characterisation of ACC oxidase 

ACC oxidase (EC 1 .4.3) is now classed as a 2 oxo-acid dependent dioxygenase (2-0DD) 

(Prescott and John, 1 996). Two-ODDs are soluble enzymes that require Fe2+ and 

ascorbate for optimal substrate conversion in vitro.  Most 2-0DDs have an absolute 

requirement for 2-oxoglutarate ,  but ACC oxidase appears to be unique in this family in that 

it uses ascorbate not 2-oxoglutarate as a cosubstrate (Prescott and John, 1 996).  It has 

been proposed that ACC oxidase originated by an alteration in the substrate specificity of 

the closely related 2-oxoacid dependent dioxygenase (John, 1 997) . 

ACC oxidase has been partially purified from fruits of melon (4-fold; Smith et al., 1 992), 

apple ( lO-fold; Kuai and Dilley 1 992) and cherimoya (4 1 .4-fold; Escribano et aI. , 1 996), 

and purified to electrophoretic homogeneity in fruits of apple (2 I -fold; Pirrung et aI. , 

1 993) ,  ( l SO-fold; Dong et aI. , 1 992) ( l 7 1 .5-fold; Dupille et aI., 1 993) ,  and banana ( 145-

fold; Moya-Leon and John, 1 995). 

The molecular weight of ACC oxidase has now been determined from many tissues and 

shown to range from 35 kDa for the enzyme from banana fruit (Moya-Leon and John, 

1 995) to 4 1  kDa for the enzyme from melon (Smith et aI. ,  1 994). ACC oxidase is a basic 

protein having an isoelectric point at pH 4.35 for the enzyme from cherimoya fruit 

(Escribano et aI. , 1 996) and pH 4.9 for that of banana fruit (Moya-Leon and John, 1 995) .  

The optimal pH for activity is near neutral but becomes more acidic if carbon dioxide is  

present. The pH optimum has been shown to vary from as low as pH 6.7 (at 20 % carbon 

dioxide level) in apple to pH 7.5 (ambient carbon dioxide) in melon. 
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ACC oxidase requires ascorbate, bicarbonate and Fe2+ in the reaction mix for maximal 

activity. If any one of these compounds is omitted, the activity is greatly reduced. Maximal 

activity is generally attained over a broad concentration of these cofactors and cosubstrate. 

For the partially purified enzyme of banana, activity was maximal at concentrations of 20 to 

5 0  mM ascorbate, 0 .05 to 0.4 mM Fe2+, and 1 0  to 40 mM bicarbonate (Moya-Leon and 

John 1 995).  These concentrations are similar to those reported for the enzyme of 

cherirnoya fruit (Escribano et al., 1 996) and carnation petals (Nijenhuis-De Vries et al. , 

1 994). There are reports that supraoptirnal concentrations of cofactors and cosubstrates 

reduce activity of ACC oxidase. For example, the activity of the enzyme from winter 

squash mesocarp tissue was reduced by 50 % when the concentration of Fe2+ was increased 

from 20 mM to 500 mM, and reduced by 80 % when the concentration of ascorbate was 

increased from the optimal 1 0  mM to 100 mM (Hyodo et aI. , 1 993) .  

Km values for ACC oxidase for ACC have been reported t o  range from 6.4 J.lM for the 

partially purified enzyme from apple ( Kuai and Dilley, 1 992), to 425 JlM for the enzyme in 

the crude homogenate of  carnation petals (Nijenhuis-De Vries et al., 1 994). However, the 

value of the Km is dependent upon the concentration of carbon dioxide! bicarbonate in the 

assay mix. For example, if 30 mM sodium bicarbonate is omitted from the reaction mix in 

the carnation petal extract, the Km for the enzyme is reduced from 425 JlM to 30 JlM 

(Nijenhuis-De Vries et al., 1 994) . Similarly, the Km value of the partially purified enzyme 

from cherirnoya fruit for ACC is reduced from 1 94 JlM to 82 IlM when 20 mM sodium 

bicarbonate is omitted from the reaction mix (Escribano et al., 1 996) . 

The mechanism by which carbon dioxide activates ACC oxidase has been examined by site 

directed mutagenesis (Kadyrzhanova et al., 1 997; John et al. , 1 997; Charng et al., 1 997) .  

The mechanism was proposed t o  be similar to  the CO2 activation of RUBISCO which is 

through the formation of a carbamate at a lysine residue. The lysine residues in ACC 

oxidase considered as potential carbamylation sites were identified by their conservation in 

all ACC oxidase sequences .  Seven were identified. However, none of the seven lysine 

residues, when changed to another residue such as arginine (which does not form a 

carbamate adduct ; Charng et al. , 1 997), or to o ther residues (Kadyrzhanova et al., 1 997; 

John et al., 1 997) prevented the activation of the enzyme by carbon dioxide. 
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The putative Fe2+ ligands of ACC oxidase have been identified as (Histidine177, Aspartatel79 

and Histidine234) by comparison with the secondary structure of the related isopenicillin-N­

synthase. Site directed mutagenesis of  the ACC oxidase protein expressed in E. coli has 

conflrmed that the three putative Fe2+ ligand residues of  ACC oxidase are essential for 

activity ( Kadyrzhanova et al., 1 997). 

ACC oxidase is unstable during catalysis (Smith et al. , 1 994; B arlow et al., 1 997; Zhang et 

al. , 1 997) ,  and has been studied using tomato ACC oxidase purified from E. coli 

transformed with the cDNA clone pRC1 3  (the corrected version of pTOM1 3) .  The 

catalytic lability of the ACC oxidase encoded by pRC 1 3  was shown to result from at least 

three discrete processes: 

• Partial unfolding of the catalytically active conformation. This was the slowest 

inactivation mechanism (t1 /2 > 1 h) . This occurred in the absence of cofactors and 

substrates and did not result in fragmentation of the enzyme. 

• Oxidative damage which may or may not occur at the active site of  the e nzyme. The 

damage is catalase-protectable and therefore thought to be due to the generation of 

hydrogen peroxide. This inactivation mechanism is  thought to  be due to the interaction 

of Fe2+ and ascorbate in aerobic conditions [Udenfreind' s  reagent] which can produce 

hydrogen peroxide (Udenfreind et al. , 1 954, cited in Barlow et al. , 1 997). 

• Oxidative damage to the active site which is not catalase protect able. This is due in 

part to metal catalysed oxidative cleavage close to the active site (as determined by 

comparison to the secondary structure of isopenicillin-N-synthetase ;  Roach et al. , 

1 995) .  Metal catalysed oxidative damage is considered to be a biochemical 'ageing' 

process with modified enzymes being apparently more susceptible to protease-mediated 

degradation (Stadtman and Oliver, 1 99 1 ) .  The fragmentation occurs in the absence of 

ACC, but additional fragments are observed when ACC is present . No fragmentation is 

observed if the enzyme is denatured prior to  addition of ascorbate and iron suggesting a 

correctly folded enzyme is required for fragmentation to proceed (Barlow et aI. ,  1 997). 

1 .4.3 Local isation of ACC oxidase 

ACC oxidase has been localised to both the cytosol and cell wall in tissue. A cytosolic 

location was initially suggested by recovery of ACC oxidase in the soluble fraction of 

melon (Verviridis and John, 1 99 1 ) , avocado (McGarvey and Christoffersen, 1 992) and 
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mandarin fruits (Dupille and Zacarias, 1 996). Dupille and Zacarias ( 1996) found that 

addition of Triton X- l OO (a detergent which aids solubilisation of enzymes from 

membranes) did not increase recovery of the enzyme from the peel of mandarin. In cell 

suspension cultures of tomato,  cell fractionation techniques (which included protoplast and 

vacuolar preparations) together with activity and immunoblot analysis has localised ACC 

oxidase to the cytoplasm (not vacuole or cell wall) (Reinhardt et aI. , 1 994) . Consistent 

with these fmdings, is the absence in ACC oxidase of an N-terminal signal sequence which 

is considered to be required for targeting of ACC oxidase to the cell wall via the 

endoplasmic-reticulum pathway (Balague et aI. , 1 993) .  

It  appears however, that in apple, ACC oxidase is  more readily associated with the pellet 

than the soluble fraction, as addition of either 0. 1 % (v/v) Triton X- l OO (Dong et al. , 1 992;  

Fernandez-Maculet and Yang, 1 992) or 5 % (w/v) polyvinyl polypyrillidone ( Kuai and 

Dilley, 1 992; Fernandez-Maculet and Yang, 1 992) greatly improves recovery of the 

enzyme. In addition, using immunogold-labelled secondary antibodies ACC oxidase in 

ripening apple fruits has been localised to the cell wall (Rombaldi et al. ,  1 994) .  

1 .4.4 ACe oxidase activity d uring plant development 

Biochemical and physiological studies have examined changes in the activity of ACC 

oxidase during organ development and in response to wounding. In climacteric fruit, ACC 

oxidase activity is typically low in early umipe green fruit and rises to be highest during 

ripening, before declining again at the over-ripe stage (Ververidis and John, 1 99 1 ;  Moya­

Leon and John, 1 994). Comparison of activity between different climacteric fruit is 

difficult, as not all assays are performed under optimal conditions, but increases in activity 

from ca. 2 to 35 nL g-! FW h-! (pulp) and ca. 35 to 1 30 nL g-l FW h-1 (peel) have been 

reported for ripening banana fruit (Moya-Leon and John, 1 994), <5 to ca. 260 nL g-! FW h­

I for ripening melon fruit (Ververidis and John, 1 99 1 )  and 1 0  to 1 96 mg-!  protein h- ! for 

ripening tomato fruit (Barry, et aI., 1 996).  

Wounding has also been shown to increase ACC oxidase activity in fruit tissues when 

measured in vivo. For instance, ACC oxidase activity increases steadily from ca. l to 6 nL 

g-! FW h- ! in flavedo discs of mandarin fruit during a 24 hour incubation (Dupille and 

Zacarias, 1 996) with the increase being 4-fold higher (up to 22 nL g-l FW h-l ) if the tissue 

is incubated in the light. Similarly, ACC oxidase activity increases from 2 _5  to 1 0  nmol g-l 
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FW h-I in wounded mesocarp tissue of C. maxima during a 40 hour incubation (Hyodo et 

al. ,  1 993) .  This increase in enzyme activity was effectively prevented by the presence of 

NBD. 

Differences in the affInity of ACC oxidase for carbon dioxide and ascorbate have been used 

to indicate the existence of distinct isoenzymes in the roots and leaves of sunflower and 

corn seedlings (Finlayson et al. ,  1 997). In the leaf, where carbon dioxide concentrations 

are low and ascorbate concentrations are high (as compared with the root), the enzyme has 

a higher affInity for carbon dioxide (lower Km) and a lower affinity for ascorbate as 

compared with the enzyme of the root. The authors conclude that specifIc isoforms of 

ACC oxidase may exist in plants that are tailored to the environmental and physiological 

status of each organ. Additional and complementary information on the existence of 

isoenzymes of plant tissues can be obtained by molecular analysis. 

1 .4.5 Molecular characterisation of ACC oxidase 

Multiple gene members of ACC oxidase have been identifIed in plants by screening 

genomic libraries, including four members in petunia (Tang et al. , 1 993), three members in 

tomato (Bouzayen et al. , 1 993) ,  three members in tobacco (Kim et al., 1 998),  and three 

members in melon (Lasserre et al., 1 996) . Multiple ACC oxidase gene transcripts have 

been identifIed in other plants by screening cDNA libraries. For example, using this 

approach two members were discovered in mung bean (Kim and Yang, 1 994), three 

members in sunflower seedlings (Liu et aI., 1 997), and two members in broccoli (Pogson et 

al. ,  1 995). 

S equence data from more than thirty ACC oxidase gene members have revealed there is 

high sequence conservation (70-80 % nucleotide sequence homology) both within a family 

and between gene families (Lasserre, et ai. , 1 996). The gene families of tomato and 

petunia are particularly similar with the three gene members of  tomato showing 88  to 94 % 

similarity to each other, and just as high similarity to the three gene members of petunia (88 

to 95 %),  when amino acid sequences are compared (Lasserre et al. , 1 996). In contrast, 

both the 5 '- and 3'-untranslated regions (UTRs) show signifIcant sequence divergence 

CBarry, et al. ,  1 996; Tang, et al., 1 993 ; Kim and Yang, 1 994) . For example, in tomato, the 

three isoforms of ACe oxidase show 58 to 65 % homology in their 5 '-UTRs and 44 to 52  

% homology in their 3-UTRs (Barry, et al. , 1 996). Similarly, in P.  hybrida, the isoforms 
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show greater than 84 % sequence homology in their coding frames, but only 42 to 43 % 

homology in their 5 '  - and 50 to 57 % homology in their 3 '-UTRs (Tang et al., 1 994) . 

Different members of the ACC oxidase gene families are expressed in response to different 

endogenous and exogenous cues. For example, the CM-ACO l and 3 gene transcripts in 

leaves of melon increase in response to salt and drought stress (GUlS et al., 1 997), and the 

expression of the LE-ACO ! GUS-promoter fusion construct in tomato (Blume et al., 

1 997) and the pVR-ACOl gene transcript of mung bean (Kim and Yang, 1 994) both 

increase in response to methyl jasmonate application. Different members of the ACC 

oxidase gene families are also expressed in response to ethylene treatment and wounding in 

a variety of tissue. 

Ethylene treatment increases accumulation of ACC oxidase transcripts in banana (Lopez­

Gomez et al. , 1 997), and A. chinensis fruit (Whit taker et al., 1 997), in mungbean 

hypocotyls (Kim and Yang, 1 994; Kim et al., 1 991),  in etiolated pea seedlings (Peck and 

Kende, 1 995),  in leaves of tobacco (Kim et al., 1 998) and in corollas but not leaves of 

petunia (Tang et al. , 1 994) . Ethylene has been shown to specifically enhance the 

accumulation of the LE-ACO ! isoform in tomato fruits (Nakatsuka et al., 1 997 ;  Barry et 

al. , 1 996) ; and the ACC Ox2 transcript in broccoli (Pogson et al. ,  1 995) . The level of  

ethylene required to induce ACC oxidase transcripts has been reported to  be as little as  0 . 1 

�L L- t for intact leaves of tobacco treated for 24 h (Kim et al., 1 998) .  

Wounding leaf tissue increases the accumulation of  the ripening-related ACC oxidase 

transcript of peach (Callahan, 1 992), tomato (Barry et al., 1 996), banana (Lopez-Gomez et 

al. ,  1 997) and melon (Lasserre et al., 1 996) . Wounding also increases ACC oxidase 

mRNA levels in hypocotyls of sunflower seedlings (Liu et al., 1 997). Because wounding 

increases ethylene production, an increase in ACC oxidase activity due to wounding may be 

mediated through an increase in ethylene production of the tissue. However, in melon at 

least, the wounding induced transcript accumulation has been shown, using l -MCP, to be 

independent of ethylene, and separate wound and ethylene response motifs in the promoter 

region have been identified (Bouquin et aI. ,  1 997) . 

ACC oxidase activity appears to be controlled at the level of transcription. Increased ACC 

oxidase activity has been correlated with increased transcript accumulation during ripening 

o f  tomato (Barry et al., 1 996) ,  apple (Dong et al. , 1 992) and melon fruit (Lasserre et al., 

1 996) , during senescence of carnation (Nijenhuis-De Vries et al. ,  1 994) and petunia (Tang 
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et al. ,  1 994), in wounded leaves of tomato (Barry et al., 1 996) and melon (Lasserre et al. , 

1 996), and in wounded hypocotyls of sunflower seedlings (Liu et al. ,  1 997).  However 

although wounded sunflower hypocotyls had increased levels of ACC oxidase mRNA and 

activity, the authors found no evidence for elevated levels of ACC oxidase protein. To 

explain this, the authors proposed an, as yet undefmed, translational control mechanism 

(Liu et al., 1 997). 

Members of the ACC oxidase gene families are also under different spatial control. In 

sunflower seedlings, RT-PCR showed that ACC03 was expressed equally in roots, leaves 

and hypocotyls, but only constituted a small amount of the total ACC oxidase transcripts. 

In contrast ,  ACCOl and ACC02 were differentially expressed in these organs. ACCOl is 

the predominant homologue in roots, while ACC02 was the major homologue in leaves 

and hypocotyl (Liu et al. ,  1 997). This study is complementary to that of  Finlayson et al. , 

( 1 997) who presented evidence based on biochemical data for the existence of different 

isoenzymes in roots and leaves of sunflowers. It appears then, that the enzyme encoded by 

an ACC0 1 -homologue may represent the predominant isoform Finlayson et al. , ( 1 997) 

were examining in leaf tissue, while an ACC02-homologue encoded enzyme was the 

isoenzyme identified in roots. In melon, the CMe-ACO l isoform is the predominant 

homologue expressed. It is expressed in flowers, leaves,  roots, and etiolated hypocotyls 

(Lasserre et aI. , 1 996) . Expression of CM-AC02, in contrast, is limited to etiolated 

hypocotyls, while CM-AC03 is the predominant isoform in flowers with very little 

transcript present in leaves and etiolated hypocotyls. ACC oxidase activity assayed in vitro 

in these organs correlated well with gene transcript expression suggesting that in melon, 

activity is being controlled at the level of transcription. In tomato flowers, ACO 1 is 

predominantly expressed in the petals and stigma and style, while AC02 expression is 

mainly restricted to tissues associated with the anther cone, and AC03 transcripts 

accumulate in all floral parts except for the sepals (Barry et al. , 1 996) . Taken together, 

these studies suggest tight spatial control of ACC oxidase expression in plants. 

Members of the ACC oxidase gene families are also expressed differentially during 

development. In all but one study (tobacco leaves ;  Kim et aI. , 1 998), one gene is 

predominantly induced during organ ageing. For example, during fruit ripening of tomato 

(LE-AC0 1 ;  B arry et al., 1 996; Nakatsuka et a!. , 1 997) and melon (CM-AeO l ;  Lasserre et 

al. , 1 996) and during corolla senescence of petunia flowers (PH-ACO l ;  Tang et aI., 1 994) . 
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These genes are all inducible by ethylene, and in tomato and melon have been shown to be 

wound-inducible as well, an induction which is independent of ethylene 

ACC oxidase promoter:�-glucuronidase (GUS) fusion studies in tomato and melon have 

confIrmed that differential expression of the ACC oxidase genes is conferred by their 

promoter regions and is not a result of differential mRNA stability (Blume et aI. , 1 997; 

Lasserre et ai. , 1 997) .  In tomato, using the promoter region of the LE-AC0 1 gene (the 

wound and ripening related gene), GDS activity has been localised to the pericarp o f  

ripening fruit, abscission zones of senescent petioles and unfertilised flowers, and at wound 

sites (Blume et aI., 1 997) .  In tobacco, GDS expression was examined with fusion 

constructs containing the promoter regions of the melon CM-ACO l and CM-AC03 genes. 

The CM-ACO l gene promoter was able to drive expression of GUS in response to 

mechanical wounding, ethylene and copper sulphate treatments and m response to 

inoculation with a bacterium (known to elicit a hypersensitive response) . The CM-AC03 

gene promoter was not expressed in response to infection, but was during flower 

development. 

In many of the above examples, transcript accumulation and activity of ACC oxidase 

increases to be high at times when ethylene production is known to be high in tissue, for 

example, during fruit ripening and flower senescence. Yet, ACC oxidase for many years 

has been considered as an enzyme that has little function in controlling ethylene production 

(Kende, 1 993).  As there are now an increasing number of studies appearing that suggest 

otherwise, it is appropriate to reexamine evidence for ACC oxidase catalysing a rate 

determining step in the pathway. 

1 .4.6 ACC oxidase: A rate l imiting e nzyme 

The view that ACC oxidase plays little part in controlling ethylene production arose initially 

from physiologically based studies where production of ethylene was quickly e levated by 

application of ACC to tissue (Cameron et al., 1 979) and by fmding a strong correlation 

between levels of ACe in ripening fruit and ethylene production (Hoffman and Yang, 

1 980) . S tudies then continued to confIrm the importance of ACC synthase. ACC synthase 

has characteristics expected of a regulatory enzyme, as it is present in very low amounts ,  

can be rapidly induced, is labile, and ethylene production has often been positively 

correlated with its activity (see section 1 . 3 .2.2) .  
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However, as the following four examples show, activity of ACC oxidase is important and, 

in some instances, more closely correlates with ethylene production than ACC synthase. 

ACC oxidase mRNA accumulation and activity can be correlated with ethylene production 

and internodal growth in deepwater rice stimulated by partial submergence (Mekhedov and 

Kende, 1 996) . By contrast, ethylene biosynthesis during this time does not correlate with 

either increased mRNA or activity of ACC synthase (Mekhedov and Kende, pers. comm. 

cited in Mekhedov and Kende, 1 996) . So it is proposed that ethylene biosynthesis in 

internodes of deepwater rice is controlled, at least in part, at the level of ACC oxidase. 

S. longipes exhibits a diurnal rhythm of ethylene production that correlates well with both 

mRNA and activity of ACC oxidase (Kathiresan et aI. , 1 996), but not with levels of ACC 

content (Emery et al. ) 1 997) or any of the four ACC synthase transcripts identified 

(Kathiresan et aI., 1998). 

Wild type tomato plants respond to flooding with increased rates of ethylene production 

which is considered to be the cause of the epinastic curvature of leaf petioles .  This was 

examined in a transgenic plant of tomato containing the ACO 1 gene in antisense 

orientation. Both antisense and wild type plants had elevated levels of ACC oxidase 

activity in the leaves of flooded plants .  However, the levels of ACC oxidase activity in the 

antisense plants were always lower than wild type. The extent of epinasty could be 

correlated with the activity of ACC oxidase suggesting that the extent of epinasty was at 

least in part being controlled by activity of ACC oxidase (English et aI. ,  1 995).  

Activity of ACC oxidase may be rate limiting for the lAA-induced ethylene production of 

etiolated pea hypocotyls (Peck and Kende, 1 995). The application of lAA induces ACC 

synthase gene expression and activity within 1 h of application, yet ethylene production 

does not increase until after 2 h. This delay correlates with the time when ACC oxidase 

mRNA accumulation and activity is increasing, suggesting that basal levels of ACC oxidase 

were not sufficient for converting the increase in ACC content into ethylene. To further 

examine the potential of ACC oxidase in controlling ethylene production, Peck and Kende 

( 1 997) attempted to eliminate the 2 h lag between auxin application and increasing ethylene 

production by pre-elevating ACC oxidase activity. This was achieved by pretreatment with 

ethylene which had been shown to enhance expression of the transcript (Peck and Kende, 

1 995) . Ethylene pretreatment did reduce the lag period, suggesting that ACC oxidase 

activity is limiting for ethylene production, but a caveat was that upon lAA treatment, ACC 
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synthase transcript and activity was superinduced, meaning that the faster increase in 

ethylene evolution may also have been due to more ACC synthase activity (Peck and 

Kende, 1 997). 

Taken together, these examples provide strong evidence for ACC oxidase activity 

constituting an extra tier of control of ethylene biosynthesis. 

1 .4.7 Role of ethylene i n  leaf maturation and senescence 

Ethylene can modify programmed leaf senescence. The relationship between ethylene and 

leaf senescence has been studied in the A. thaliana mutant, ETRl (Bleecker et a l. ,  1 988) .  

This mutant was found to lack a number of responses (see section 1 .2)  including 

acceleration of  leaf senescence by comparison with wild type. A subsequent study has 

shown that both visual signs of leaf senescence and the appearance of senescence­

associated genes (SAGs) in this mutant are delayed by one week compared with wild type 

(Grbic and Bleecker, 1 995).  Furthermore, while treatment of ethylene had no effect on 

SAG and photosynthetic associated gene (PAG) expression in ETRl plants, but in wild 

type plants ethylene hastened both SAG expression and senescence, and decreased 

expression of P AGs .  This effect was age-dependent . In mature leaves ethylene induced 

greater S AG expression than in just fully expanded leaves and did not elevate SAG 

expression in younger leaves despite being able to increase expression of another non-SAG 

related ethylene-inducible gene. It was noted that although ETRl 1eaves showed a delay in 

leaf chlorosis and lived approximately 30 % longer than wild type, the extended period of 

leaf longevity was associated with low levels of photosynthetic activity suggesting that the 

leaves had functionally senesced (as determined by carboxylase activity). 

This study suggests that ethylene can modulate the timing of leaf senescence by controlling 

the expression of SAGS rather than acting as an initiator of the process, but only in 

developmental stages that are responsive (proposed to be due to the presence of age­

dependent factor(s») (Grbic and Bleecker, 1 995). 

Changes in ethylene production have been examined during leaf maturation and senescence. 

Production of ethylene has been shown to increase during chlorosis of attached leaves of 

tobacco (Alejar et al. , 1 988) and cotton (Morgan et al., 1 992), detached leaves of China 

tree (Morgan and Durham, 1 980) and oat (Gepstein and Thimann, 1 9 8 1 ) ,  in leaf discs of 

tobacco and sugar beet (Aharoni et al., 1 979), but not in leaf discs of Phaseolus vulgaris 

(Roberts and Osbome, 1 98 1 ) .  
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In these plants (except P. vulgaris) , the period of most rapid chlorophyll loss is paralleled 

by the period of most rapid ethylene evolution (i.e. the rapid increase occurs after 

chlorophyll levels have begun to decline) . This is further supported by the study of Alejar et 

al., ( 1 988)  who compared different cultivars for their rates of ethylene production and 

senescence. The leaves of the cultivars that yellowed fastest were those that had the 

highest rates of ethylene production. What then controls this ethylene production? 

Unlike ripening fruits and senescing flowers, comparatively few studies have examined the 

regulation of ethylene production during leaf maturation and senescence. Much of our 

knowledge has relied on physiologically based studies done in the late 1 970s and early 

1 980s, in which ACC, or inhibitors of ACC synthase or ACC oxidase were applied to leaf 

tissue and the effect on chlorosis measured. The application of ACC to leaf tissue of 

detached oat leaves in the ligh� brought forward the period of most rapid chlorophyll loss 

by one day (Gepstein and Thimann, 1 98 1 ), whereas application of 1 0  f.LM C02+ (an inhibitor 

of ACC oxidase) and 0.2 M AVG greatly reduced chlorophyll loss in the o at leaves after a 

four day incubation in the light (Gepstein and Thimann, 1 98 1 ). 

Recently, antisense technology has been able to confIrm in tomato that the increased 

ethylene production observed during leaf chlorosis was due to increased activity of the 

ACC-mediated biosynthetic pathway. For instance, ethylene production was only 5 % of 

wild type in chlorotic leaves of LE-ACO! antisense tomato plants compared with wild type 

(John et al., 1 995) . 

More recently, in concert with our interest, research groups are beginning to examine 

changes in gene expression of ACC oxidase during leaf maturation and senescence. 

1.5 ACC oxidase during leaf maturation and senescence 

Changes in ACC oxidase gene expression during leaf maturation and senescence has now 

been examined in tomato (Barry et al. , 1 996; Blume et al. , 1 997),  melon (Lasserre et al., 

1 996) and tobacco (Lasserre et al., 1 997; Kim et al., 1 998).  

In tobacco, all three ACC oxidase genes are up-regulated in older leaves as compared with 

younger tissue (Kim et al. , 1 998). In contrast, in tomato, leaf senescence (as judged by 

chlorosis) is accompanied predominantly by an increase in expression of only one isoform 

(ACO l ;  Barry et al., 1 996) . Levels of AeOl mRNA increased 27-fold at the onset of 

senescence before declining slightly at the most advanced stage examined. The expression 
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of AC03 also increased. However, the increase was transient and the levels of the 

transcript only accumulated to a level approximately half that o f  the ACO 1 message. No 

AC02 gene expression could be detected in leaves by the ribonuclease protection assay 

method.  In leaf tissue of melon, quantitative RT-PCR has shown that expression of the 

two ACC oxidase isoforms is differentially regulated during leaf development and 

senescence. The steady-state levels of  one isoform, CM-AC03, is highest in young leaves 

and then declines in green adult to be lowest in yellow-green adult leaves (the most 

senescent stage examined) . While in contrast, the level of CM-ACO l is lowest in young 

leaves, then increases to be highest at the onset of chlorophyll loss (similar to ACO 1 

accumulation in tomato leaves) before declining again during the later stages of senescence. 

Studies of ACC oxidase gene expression during leaf maturation and senescence have been 

extended through the use of GUS-promoter fusion analysis. The promoter of the ageing­

related ACC oxidase (ACO 1 )  was used to  direct expression of GUS in both tomato and 

tobacco (Blume et al. , 1 997). In young leaves of both tomato and tobacco, levels of GDS 

were virtually non detectable, but increased considerably ( 1 50 to 3 00-fold) at the onset of  

senescence (chlorosis) . These results conflrm that it is the promoter driving the increased 

accumulation of ACC oxidase gene transcript during leaf senescence, and also that it can 

retain this ability even in a heterologous system (Blume et al. , 1 997) . Similarly, the ACC 

promoters from the ACC o xidase genes, CM-ACO l and CM-AC03, from melon have 

been used to direct the expression of GUS in tobacco (Lasserre et al., 1 997) . Expression 

of GDS activity broadly matched the accumulation of the two transcripts as measured by 

RT-PCR, thus confirming the importance of the promoters for directing expression of the 

transcripts during leaf maturation and senescence. 

These studies have indicated that changes in gene expression of ACC oxidase may be 

important for controlling ethylene production during leaf senescence, but they have 

neglected to report on changes in protein accumulation and activity during the leaf 

maturation. Coupling gene expression studies with measurements o f  both protein 

accumulation and activity are essential if we are to judge the control of ACC oxidase on 

leaf senescence. There are, for instance, reported cases where huge-fold increases in 

transcript have resulted in very minimal increases in the activity of ACC oxidase (e.g. 

ethylene treatment of  mungbean hypocotyls ; Kim and Yang, 1 994), and where ACC 

oxidase enzyme activity was found to be highest in tissue that had the lowest levels o f  ACC 

oxidase mRNA (basal portion compared with tip of sunflower root; Finlayson et aI. ,  1 996). 
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Clearly, measurement of  transcript levels alone are not always adequate a s  there is no 

means for determining the influence of any post-transcriptionaV post-translational control 

on the process being measured. 

This thesis, therefore, focuses on understanding the role of ACC oxidase during leaf 

maturation and senescence by coupling studies of gene expression with measurements of 

protein accumulation and activity. 

1 .5.1  White clover and leaf senescence 

White clover (Trifolium repens L. ) is the plant used for studying expression of ACe 

oxidase during leaf maturation and senescence in this thesis. T. repens is the most 

agronomically important member of the 200 to 300 species comprising 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 

combination with rye grass to provide nitrogen to the pasture ecosystem and high quality 

feed for livestock (Brougham, Ball and Williams, 1 978). 

In pasture, white clover has a stoloniferous growth habit. The basic structure of the stolon 

consists of a series of internodes separating the nodes which form as a result of growth at 

the apical bud. Present at each node is a single trifoliate leaf and two root primordia. The 

uppermost root primordium typically remains dormant while the lower primordium, in 

moist conditions, gives rise to a fibrous root. At each node is also an axillary bud which 

either can remain dormant, produce an inflorescence, or produce a lateral stolon. The 

growth of a stolon is indeterminate with plants in summer often possessing up to six orders 

of branching (Brock et aI., 1 988) .  However, during spring many stolons senesce and 

fragment to produce a higher proportion of plants with first order branching (Hay et a l. ,  

1 989) .  

Stolon fragmentation is thought to be the end result of photosynthate (carbohydrate) 

reallocation from the old stolon material to the apex (Chapman and Robson, 1 992).  This 

change from a reservoir of carbohydrate to exporter is probably closely linked to changes 

of associated leaves from exporters of carbohydrate to exporters of minerals into the 

stolon. The change in leaves from a producer of photosynthate to an exporter of minerals 

is considered part of the senescence syndrome (Thomas and Stoddart, 1 980). It can be 

initiated by a variety of environmental cues such as shading, drought, mineral deficiency 

and pathogen infection (Thomas and Stoddart, 1 980) . In the absence of such stimuli, leaf 
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senescence is regulated in an age-dependent manner (Lohman et al. 1 994) ,  which may have 

evolved to prevent maintenance of a leaf past its average time of usefulness for supplying 

carbohydrate to the increasingly distant apex (Bleecker and Patterson, 1 997). 

The sequential nature of white clover leaf senescence has been utilised by Butcher ( 1 997) 

for the development of a model system for studying changes in ethylene physiology 

associated with leaf ontogeny. In this system, vegetatively propagated individual sto10ns 

are grown over a dry substratum (to inhibit nodal root formation) and all axillary buds 

removed. The rooting at a single node and subsequent outgrowth of a single stolon of 

white clover over a dry substratum produces a full programme of leaf development along 

the stolon from initiation at the apex through maturation, senescence and then necrosis. 

Growth in this system also produces plants at which the number of leaves attached to the 

st010n reaches a constant number as the production rate is balanced by the rate of 

senescence. 

Using this system, Butcher ( 1 996) has shown that leaf senescence of white clover (as 

judged by chlorophyll loss) is accompanied by an increase in ethylene evolution levels by 

the tissue, and that this increase is most probably due to increased activity of the ACC­

mediated biosynthetic pathway. In support of this, endogenous levels of ACC were found 

to both increase and precede the increase in ethylene evolution (Butcher et al. ,  1 996). 

These fmdings will be examined further as part of this thesis as a prelude to more detailed 

analysis on the contribution of ACC oxidase to ethylene production during leaf maturation 

and senescence. 

1 .5.2 Thesis Aims 

• To measure changes m ACC oxidase activity i n  vitro during leaf maturation and 

senescence. 

• To isolate gene sequences encoding ACC oxidase and examme changes ill gene 

expression during leaf maturation and senescence. 

• To examine factors that regulate the expression of these ACC oxidase genes 

• To produce antibodies against ACC oxidase proteins when expressed in E. coli and, 

• To examine changes in protein accumulation of ACC oxidase during leaf maturation 

and senescence 
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2. MATERIALS AND METHODS 

2.1 Propagation and H arvesting Methods 

2.1 . 1  P lant material 

33 

The white clover genotype 1 0  F of cultivar Grasslands Challenge (AgResearch, Grasslands, 

Palmerston North, NZ) was used for all manipulations and experimental analysis in this 

thesis. 

2.1 .2 Plant growth conditions 

Plants were propagated in horticultural grade bark! peaU pumice (50:30:20) (Dalton 

Nursery Mix, Tauranga, NZ) supplemented with nutrients (Table 1 )  and grown in 

temperature controlled greenhouses. 

Table 1 .  Nutrient addition to horticultural grade bark base. 
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The greenhouses were maintained at a minimum temperature of 1 5 °C and vented at 25°C. 

Automated watering was at 8 am and 5 pm for 5 rnin each. The insecticide Attack® (Crop 

C are Holdings Ltd. ,  Richmond, Nelson, NZ) was used to control aphids and whitefly, and 

pyranica® (Mitsubishi Kasei Corporation) was used to control mite infestations. Blackspot 

was irradicated by application of Benlate (Du Pont de Nemours and Co. ,  In. , Wilmington, 

Delaware, USA). 

2.1 .3 Plant propagation 

2. 1.3. 1 Stock Plants 

To propagate the single genotype, apical cuttings containing two or three leaves were 

placed in trays containing bark! nutrient mix and grown under greenhouse conditions until 
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required. Five trays were maintained in this way, with new cuttings routinely taken to 

maintain a continual supply of stock material. 

2. 1.3.2 Model System 

To initiate single stolons, apical cuttings containing two or three leaves were excised from 

the stock plants ,  all the leaves except the terminal bud and fIrst leaf were removed, and the 

cuttings placed in bark/nutrient potting mix in the greenhouse. After establishment of root 

growth (usually four weeks), the most homogeneous cuttings were transferred into trays 

containing fresh bark/nutrient mix (six per tray). As the cuttings grew, each stolon arising 

from a single cutting was trained out of the tray onto a dry substratum (upturned tray 

covered with white polyethylene) to inhibit nodal root formation, and all axillary shoots and 

flowers were routinely removed. (Figure 3) .  Stolons were grown until a consistent pattern 

of leaf development (from initiation through to senescence) was achieved. This was usually 

after a minimum of three months. 
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Figure 3. 

A. The a uthor amongst stolons of white clover (genotype 1 0  F) g rowing in one of the 

g reen houses of the Plant Growth Unit, Massey U niversity, Palmerston North , New 

Zealand. 

B. Plants of white clover ready for harvesting .  

35 
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2.1 .4 Leaf harvesting 

Leaves were excised at the junction of the lamina and petiole, weighed, placed either 

individually into labelled microfuge tubes or as pooled leaves into 50 mL Nunc ™ centrifuge 

tubes (Nalge Nunc International, Naperville, USA), snap frozen in liquid air and stored at -

80°C. When pooled leaf tissue was to be used in multiple analyses, the tissue was removed 

from the -80oe, powdered and apportioned into measured amounts in separate prechilled, 

thick-walled plastic containers. 

2.1 .5 Leaf wounding 

Detached leaves were wounded by making approximately ca. 2 mm wide parallel excisions 

along the length of the lamina. Attached leaves were wounded by making two parallel 

excisions on each leaflet of each trifoliate leaf. 

2.1 .6 Experimental conditions used for wounding experiments 

2. 1.6. 1 Conditions used for detached leaves 

Detached leaves were housed in C68 ( 125 mL) glass bottles (Arthur Holmes Ltd. ,  

Wellington, NZ) a t  200e for the appropriate times. Each jar was housed in  its own 

covered 9 L polystyrene container. In the bottom of the polystyrene containers was placed 

moistened paper towels. The glass bottles containing the leaves were only sealed (with lids 

containing rubber bungs) thirty minutes prior to the removal of the 1 mL gas sample. After 

removal of the gas sample for ethylene analysis using the Photo Vac (section 2.2.3.2) ,  the 

tissue was immediately snap-frozen in liquid air, and stored at -80oe until required. This 

tissue was then used for northern, western and activity analyses. 

If the treatment included PurafII™, a bag containing 30 g of PurafIl was placed in the 

polystyrene container, and an additional 5 g bag placed in the C68 glass jar. Duplicate sets 

of tissue were used for treatments containing PurafIl. One set was sealed for 30 min to let 

ethylene accumulate, as described in the preceding paragraph. The other set, incubated in 

parallel, was not sealed to let ethylene accumulate. It was this non-sealed tissue that was 

used subsequently for northern and activity analyses. 

Notes: 

• Purafil is a solution of KMn04 applied to an inert support to increase the surface area 

and ease of handling (Abeles, et al. , 1 992). KMn04 is very toxic, so precautions are 

necessary when handling it. I n  all experiments it was encased in bags made of 
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polyethylene and Tyvek
™ 

(Dupont, U SA). Tyvek (Type 1 0, style ,  1 073b) is a spun­

bound olefi n ,  which is readily permeable to ethylene. 

2. 1.6.2 Conditions used for attached leaves 

Four trays each containing six independent stolons were transferred from the greenhouse to 

the lab 48 h prior to beginning the treatments. Two of the trays were then placed in a 470 

L growth cabinet with I ppm I -MCP for 30 min. After which, all four trays were placed 

under six TRUE-LITE® 40 W fluorescent lights and the appropriate leaves wounded 

(section 2 . 1 .5) .  The room housing the plants was kept at a constant temperature of 20°e. 

2.2 Biochem ical and physiological methods 

2.2.1 Chemicals 

Unless otherwise stated, the chemical reagents used were analytical grade, obtained from 

either BDH Laboratory Supplies (Poole, Dorset, England),  or Sigma 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 microfiltration (Milli-Q, 

Millipore Corp. ,  Bedford, MA, USA). 

2.2.2 Chlorophyl l  quantitation 

Reagents: 

• DMF 
Chlorophyll was extracted from leaves with the solvent N, N-dimethylforrnamide (DMF) as 

described by Moran and Porath, ( 1980) . Typically, leaf tissue was powdered under liquid 

N2 in a mortar and 50 to 200 mg of the powdered leaf material extracted with 1 mL of  

DMF for between 2 h and 1 6  days at 4°C in the dark. Prior to  chlorophyll determination, 

samples were vigorously mixed by vortexing and the cellular debris pelleted by 

centrifugation at 20 800 x g for 5 min at room temperature. A 200 J.lL aliquot of the 

supernatant was then added to 2 mL of DMF in a glass cuvette and the absorbance read at 

both 647 nm and 665 nm in an LKB Novaspec�I spectrophotometer (Pharmacia LKB, 

Biochrom Ltd. ,  Cambridge, England) in the fumehood. The spectrophotometer was 

blanked only at 647 run with DMF. All the samples measured at 665 nm had 0.007 

absorbance units added to their values as this was the difference in the blank at 647 nm 

when compared with 665 nm. 
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Chlorophyll concentrations were calculated using the fonnulae described by Inskeep and 

Bloom ( 198S)  which corrected for errors incorporated in the original fonnulae described by 

Moran ( 1982).  

Chlorophyll a = 

Chlorophyll b = 

12.7 A664.5 - 2.79A647 (mg ImL) 

20.7 A647 - 4.62A664.5 (mg ImL) 

Total Chlorophyll = 17.9A647 - 8.08A664.5 (mgl mL 

2.2.3 Ethylene analysis 

2.2.3. 1 Measurement of ethylene by Gas Chromatography 

The concentration of ethylene in gas samples produced by the ACC oxidase or ACe 

chemical degradation assays were analysed using a Shimadzu Model GC-8A Gas 

Chromatograph (Shimadzu Corporation, Kyoto, Japan) fitted with a flame ionisation 

detector. The 2 .S  m * 3 mm (LD. )  glass column (Shimadzu 8G2 6-2.0) came prepacked 

with Porapak Q with a mesh size of 80/ 100 (Alltech Associates Inc . ,  Deerfield, n. ,  USA). 

The carrier gas was nitrogen with a flow rate of SO rnl min-l . The flame was generated by 

hydrogen and air at SO kPa respectively. The column was initially conditioned at 200°C for 

S h and thereafter for approximately 0.5 to 1 h before use. For measurement of samples, 

the oven was set to a temperature of 8Soe and the injector/detector to l S0°C. 

One rnl of sample gas was injected onto the column and the ethylene peak was identified by 

comparison with the retention time of an ethylene standard (0.99±O.0 1ppm) obtained from 

BOC Gases (NZ) Ltd., Palmerston North, New Zealand. Ethylene had a retention time of 

1 min 30 s. 

2.2.3.2 Measurement of ethylene by PhotoVac 

Ethylene evolution from leaves attached to the stolon was measured with a portable 

Photo V ac TM 1 0SS0 (Photo V ac TM, Markham, Canada) . Initially integration was performed 

using an inbuilt integrator, but eventually an external Hewlett Packard 3390A integrator 

(Hewlett-Packard Company, Avondale, PA, USA) was used. An external supply of carrier 

gas (air at 40 psi) was passed through a column of PurafIlTM (Papworth Engineering, 

Cambridge, NZ; Faubian and Kader, 1 996), before entering the Photo Vac. Ethylene was 

found to have a peak retention time between 0.78-0.82 min. Peak height rather than area 

was used to measure the concentration of ethylene. 
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The PhotoVac instrument was calibrated with an a-standard calibration gas (0. 1 0 1  ppm 

ethylene in nitrogen (BOC Gases (NZ) Ltd.) 

2.2.4 Ethylene Calculations 

The concentration of ethylene in the headspace of containers was determined in ppm by 

comparison to the peak height obtained from a 1 mL injection of an a-standard calibration 

gas (0. 1 0 1  ppm or 0.99 ± 0.01 ppm [mole per mole] ethylene in nitrogen). The number of 

moles of ethylene this represented could then be determined by calculating the total number 

of moles present within the headspace of the container with the ideal gas equation and 

mUltiplying this value by the concentration of ethylene in ppm. 

where:  

n = PV x ppm x1 0-6 
RT 

• n = total number of moles in headspace o r  vessel contain ing tissue 

P = pressure ( 1 0 1 325 Pa) 

V = volume of headspace or vessel containing tissue (m3) 

R = u niversal gas constant, 8 .31 4 

T = temperature (normal temperature and pressure [NTP] = 298 K) 

To convert to L, the number of moles is multiplied by 22.4 as 1 mole occupies 22.4 L at 

standard temperature and pressure (STP) . 

2.2.5 Measurement of ethylene evol ution from attached leaves of white 
c lover 

Ethylene evolution of attached leaves of white clover was measured by the method of 

Butcher ( 1 996). Individual leaves still attached to the stolon were enclosed in 32 mL 

plastic screw top containers that had a slot cut in the screw top lid to accommodate the 

petiole. The remaining air gap around the petiole was sealed with silicon sealant. After 1 

h, and before the accumulation of significant wound ethylene which occurs after 1 .5 h, a 1 

mL sample of gas was withdrawn through a rubber bung fitted to the bottom end of the 

container. The concentration of ethylene in the sample was then determined using the 

PhotoVac (section 2.2.3 .2) .  
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2.2.6 ACC q uantitation 

ACC concentration of leaf tissue extracts was determined essentially as described by Lizada 

and Yang ( 1 979).  Either fresh or tissue stored at -80oe was used for analysis 

2.2.6. 1 A CC extraction for leaf tissue down the stolon 

Reagents: 

• 96  % (v/v) ethanol 

• chloroform 

Typically a single trifoliate leaf (ca. 300-500 mg) was powdered in liquid N2 and extracted 

in 1 0  mL of 96% (v/v) ethanol at 80°C for 20 min in a 1 5  mL centrifuge tube. The cell 

debris was pelleted by centrifugation at 5000 x g for 1 0  min at room temperature and the 

supernatant collected. The pellet was again resuspended in 1 0  mL of 96 % (v/v) ethanol 

and incubated at 80°C. After 20 min , the cell debris was pelleted as before and the 

supernatants combined. The combined extracts were dried in a rotary evaporator 

(Rotovapour; Buchi Laboratoriums, Technik Ag. ,  FlawillSchweiz, Switzerland) at 42 °C. 

The dried product was dissolved in 2 mL water, half a volume of chloroform added, the 

mixture vortexed, and the phases separated by centrifugation at 26 000 x g for 1 0  min at 

room temperature. The aqueous supernatant was assayed for ACC content (section 

2 .2 .6 .3) .  

When the extraction was scaled up for paper chromatography, leaves were extracted in 

seven volumes of 96 % (v/v) ethanol at 80oe, evaporated to dryness, redissolved in water 

and partitioned twice with chloroform. The aqueous extract was stored at -20oe until 

required. 

2.2.6.2 Paper Chromatography 

Reagents: 

• Butanol 

• glacial acetic acid 

Samples containing putative ACe were resolved by paper chromatography using a butanol: 

glacial acetic acid: water (8 :3 :  1 0) solvent system. The chromatography apparatus was pre­

equilibrated with the solvent prior to resolving the samples .  Each sample (200 ilL) was 

applied along a 2 .5 cm pencil line drawn ca. 10 cm from the top of a 46 x 57 cm sheet of 

Whatman® 3MM Chr chromatography paper (3 MM paper; Whatman International Ltd., 
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Maidstone, England). Each sample was applied with capillary tubing and was dried 

between applications. The samples were resolved for 1 4  h, after which time the solvent 

front was marked and the paper chromatogram dried in a fume hood. Each lane was then 

sectioned into 1 4  ( 1 . 5  cm x 4.5  cm) squares, each square cut smaller to fit into a single 

microfuge tube, and ACC eluted with 700 �L water at 4 QC overnight. The cut squares 

were then pelleted by centrifugation at 20 800 x g for 10 min, 300 �L of the supernatant 

transferred to a fresh tube, the paper again resuspended with 700 �L water, incubated at 

room temperature for 20 min, pelleted by centrifugation and the supernatants pooled. ACC 

was then measured in the pooled supernatant by the method of Lizada and Yang ( 1979) 

(section 2 .2.6.3) 

2.2.6.3 A Ce assay 

S amples ( sections 2.2.6. 1 and 2.2 .6.2) were analysed for ACe by the method of Lizada and 

Yang ( 1 979) . This method uses sodium hypochlorite which reacts with a-amino acids (for 

example, ACC) to form N -chloroamine as an intermediate, and this is chemically degraded 

to ethylene, ammonia, and carbon dioxide with a yield of about 1 3  % .  In the presence of 

heavy metal ions (particularly mercury), the yield of the ethylene increases up to 80 %.  In 

the assay described, the concentration of the mercury catalyst (50 mM) was higher than 

that used originally by Lizada and Yang (30 mM), as the higher mercury concentration has 

been reported to reduce interference by protein contaminants (Coleman and Hodges, 

1 99 1  ). 

Reagents: 

• 50 m M  HgCb 

• 3. 1 5  % NaOCI solution (Janola®; Marketed by Reckitt and Coleman (NZ) Ltd. ,  Auckland New 

Zealand 

• NaOH (saturated solution) 

An aliquot of the sample (800 �L) was placed in a 4.5 mL Vacutainer® tube (Becton 

Dickensen Medical, Singapore) on ice, 1 00 �L of HgCh added and the tube sealed with a 

rubber stopper. A 1 00 �L aliquot of an ice cold mixture of 2: 1 (v/v) NaOCl: NaOH was 

then injected through the rubber stopper, the tube immediately vortexed for 5 s,  incubated 

on ice for 2 min, revortexed for 5 s and a 1 mL gas sample withdrawn for analysis by gas 

chromatography (section 2.2.3 . 1 )  or PhotoVac (section 2 .2 .3 .2) .  
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2.2.7 Measurement of ACC Oxidase activity 

2.2. 7. 1 Extraction procedure 

ACC o xidase was extracted from leaf tissue of white clover by a procedure derived from 

McGarvey and Christoffersen ( 1 992) and Fernandez-Maculet and Yang ( 1 992).  

2.2. 7. 1 .  1 Extraction procedure 1 .  

Reagents: 

• Extraction buffer: (0. 1 M Tris-HCI ,  p H  7.5, 1 0  % (v/v) glycerol ,  2 m M  on, 30 mM sodium 

ascorbate) 

Leaf tissue was powdered and extracted in two volumes of extraction buffer. Typically, to 

obtain enough enzyme to perform a single determination in triplicate, 1 g of powdered 

sample was scraped directly into 2 mL of chilled extraction buffer, the tissue extracted on 

ice for 45 min, and then fIltered through two layers of Mirac10th (Calbiochern­

Novabiochem Corporation, La Jolla, CA, USA) into 2 mL pre-cooled microfuge tubes until 

1 .4 mL (measured as grams) had been transferred. After centrifugation at 20 800 x g for 

1 0  min at 4DC, the supernatant was passed through a column of Sephadex® G-25 

(Pharmacia Biotech AB, Upsala, Sweden; section 2.2.4.2) and the resulting eluate 

apportioned into a 700 ilL aliquot for measurement of ACC oxidase activity. The excess 

extract was aliquotted into a separate tube to be used for measurement of protein (section 

2 .2 .8)  and for analysis by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE; section 2.2.9). 

2.2. 7. 1 .2 Extraction procedure 2. 

Reagents: 

• Extractio n  Buffer: (0. 1 M Tris-HCI,  p H  7 .5 , 1 0  % (v/v) glycerol, 2 mM on, 30 mM sodium 

ascorbate) 

• Ammonium su lphate 

• Resuspension Buffer: (50 mM Tris-HCI ,  pH  7.5, 1 0  % (v/v) glycerol, 2 mM On) 

A 2 g aliquot of powdered leaf tissue was extracted in six volumes of extraction buffer on 

ice for 45 min and fIltered through two layers of Miracloth to a constant weight as 

described above (section 2.2.7. 1 . 1 ) .  After centrifugation at 26 000 x g for 10 min at 4 DC , 
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the supernatant was decanted, the volume adjusted to 30 % saturation ( 1 64 g Cl at DOe ) 

with solid ammonium sulphate, and the extract incubated on ice for 30 min. Nucleic acid 

and residual cellular debris was then pelleted by centrifugation at 26 000 x g for 1 0  min at 

4°e, the supernatant transferred to a fresh tube, and adjusted to 90 % saturation (at DOe ) 

by the addition of 402 g Cl salt. After incubation on ice for 1 h, protein was pelleted by 

centrifugation at 26 000 x g for 1 0  mm at 4°e, the supernatant discarded, the protein 

precipitate resuspended in 1 volume of resuspension buffer (i.e. 1 g of leaf tissue to 1 mL 
resuspension buffer), and then desalted by passage through a column containing Sephadex 

G-25 (section 2.2.7.2) . The resulting eluate was apportioned into a 700 �L aliquot for 

measurement of ACe oxidase activity. The excess extract was aliquotted into a separate 

tube to be used for measurement of protein (section 2 .2 .8)  and for analysis by sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE; section 2.2.8) .  

2.2. 7.2 Preparation of Sephadex G-2S spin columns 

Proteins were desalted and any putative low molecular weight inhibiting substances 

removed using a method modified from that described by Neal and Florini ( 1 973). 

Reagents: 

• Sephadex G-25 

• Resuspension buffer: (50 mM Tris-HCI  pH 7.5, 1 0  % (v/v) g lycerol, 2 mM DTT) 

Spin columns were prepared by placing three layers of GF-A glass micro fibre filter paper 

(What man) in the bottom of 1 0  mL disposable syringe barrels (Beeton Dickensen). The tips 

of  the barrels were sealed with parafIlm, the barrels filled with Sephadex G-25 pre­

equilibrated with resuspension buffer (five volumes Sephadex G-25 to one volume enzyme 

extract) . The syringe barrels were then placed in 50 mL centrifuge tubes, the parafIlm 

removed, and the column conditioned by spinning at 1 78 x g for exactly 1 min at 4°C. 

After removal of the excess buffer collected at the bottom of the tube, the sample was 

carefully loaded and the columns centrifuged again at 1 78 x g for 1 min at 4 De , and the 

eluant collected. 
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2.2. 7.3  Assay procedure 

Reagents: 

• 1 M Tris-HCI,  pH 7.5 

• 0.667 mM FeS04.7H20 (made fresh) 

• 4 m M  ACC (stored f rozen)  

• 1 M DTT (stored frozen) 

• 1 M N aH C03 (made fresh) 

• 1 M sodium ascorbate (made fresh) 

ACC oxidase activity of triplicate 200 ilL volumes of a 700 ilL enzyme preparation, pre­

equilibrated at 30°C for 3 min , were aliquotted into 4.5 mL vacutainer tubes containing 0 .8  

mL of reaction mix (pre-equilibrated at 30 QC ) to  give a fmal concentration of 50 mM 

Tris-HCI, pH 7 .5 ,  1 mM ACC, 1 0  % (v/v) glycerol, 2 mM DTT, 30 mM sodium ascorbate, 

20 IlM FeS04. "7H20 and 30 mM NaHC03. The vacutainers were sealed, incubated with 

shaking at 1 75 rpm for 20 min at 30°C, after which 1 .0 mL of the gas phase was removed 

and the ethylene content determined by gas chromatography (section 2.2.3 . 1 ). 

For the determination of the pH optimum different aliquots of the standard buffer (50 mM 

Tris-HCI, pH 7 .5)  (typically used at a 2 X concentration) were adjusted to either pH 7 .5 ,  

8 .0, and 8 . 5  with HCl prior to  addition to  the reaction mix. For pH values of  6.5, 7 .0 and 

7 .5  the Tris-HCl buffer was replaced with 50 mM Na(3-[N-Morpholino]propanesulphonic 

acid) (MOPS) .  The pH of each solution was further checked once all components of the 

reaction mix had been added and adjusted if necessary. 

2.2.8 Protei n  quantitation 

Reagents: 

• Coomassie Bri l l iant Blue G-250 concentrate dye preparation (Bio-Rad ,  R ichmond, CA, USA) 

• BSA: (Bovine serum albumin, Fraction V, standard grade, Serva Feinbiochemica, Heide lberg ,  

Germany) 

Protein concentration was estimated by a microassay verSIon of Bradford ' s  method 

(Bradford 1 976), using a commercially available dye concentrate (Bio-Rad) . Typically, 

extracts were diluted 1 :  10 with water before protein measurement. Aliquots (5 to 10  ilL) 

of the diluted extract were pipetted into wells of a microtitre plate, in triplicate, and made 
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up to 1 60 JlL with water. After which, 40 JlL of Bio-Rad Reagent was added and mixed in 

with the micropipette. After standing for 5 min, the protein content was determined at 595 

run using an Anthos htII platereader (Anthos Labtech Instruments, Salzburg, Austria) by 

comparison to a protein standard (BSA) measured in parallel. Only absorbances within the 

linear region of the standard curve were used for protein estimation. 
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Figure 4. A typical standard curve for the Bio-Rad protei n  assay microassay 

p rocedure. 
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2.2.9 SOS-PAGE of Protei n  

SDS-PAGE, originally described by Laernmli ( 1 970), separates protein o n  the basis of 

molecular mass .  

2.2.9. 1  Linear slab gel SOS-PAGE using the BioRad Mini-Protean 
apparatus. 

Reagents: 

• 40 % (w/v) acrylamide stock solution (Bio-Rad)) 

• 4 X resolving  gel buffer: ( 1 .5 M Tris-HCI ,  pH 8 .8 ,  0.4 % (w/v) S OS) .  

• 4 X stacking gel  buffer: (0.5 M Tris-HCI, pH 6 .B ,  0.4 % (w/v) SOS).  

• 1 0  % (w/v) APS (ammonium persulphate ; Un ivar, Auburn, NSW, Australia) Al iquots stored 

at -20°C 

• TEMEO (N,N,N' ,N - tetramethylethylenediamine) (Riedel-de haen ag seelze, Hannover, 

Germany). 

• 1 0  X SOS run ni ng buffer: (30 g Tris, 1 44 g g lycine, 1 0  g SOS, water to 1 L) . (pH should be 

approximately B.3,  stable  i nd ef in itely at room temperature) .  

• 5 X SDS gel loading buffer: (60 mM Tris-Hel  pH 6 .8 ,  25 % (v/v) glycero l ,  2 % (w/v) SDS, 1 4.4 

m M  2-mercaptoethanol, 0 . 1  % (w/v) bromophenol blue). (stable for weeks in the refrigerator 

or months at -20°C). 

Table 2. Composition of resolving and stacking gels used for SDS-PAGE with the 

Mini-Protean apparatus. 

water 3.5 6.5 

4 X resolving gel buffer 2.5 

4 X stacking gel buffer 2.5 

acrylamide stock solution 4 

APS 0. 1 0.1  

6;; / 
TEMED 0.01 0.01 

A resolving gel solution was prepared by mixing the components in the order outlined in 

Table 2.  The solution was then transferred between glass plates of a gel sandwich until the 

level was ca. 1 cm below where the bottom of the well-forming comb sits . Water was then 

layered onto the gel surface to protect from atmospheric oxidation and the gel allowed to 

polymerise for ca. 30 min. The layer of water was discarded, the well-forming comb 

inserted, and gel stacking solution added. After polymerisation for ca. 30 min, the gel 
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sandwich apparatus was placed in the electrophoresis chamber, running buffer added t o  

both inner and outer chamber and the comb removed i n  preparation for loading. 

S amples were prepared for loading by adding one fifth volume of 5 x gel loading buffer, 

boiling for 3 min (except for samples that contained imidazole [i.e. fractions off the affInity 

column] which instead were heated at 37°C for 1 0  min), and then centrifuging at 20 800 x 

g for up to 1 min. All samples were made to the same volume with sample buffer. 

Routinely, one lane was reserved for an aliquot ( l 0  ilL) of prestained molecular weight 

standards (Low Range (20.5 to I I I  kDa] , Bio-Rad). Empty lanes were loaded with 1 X 

gel loading buffer. Electrophoresis was conducted at 200 V for a minimum of 50 to 75 

min. 

2.2.9.2 Gradient (8- 15 %) slab gel SDS-PAGE 

Reagents 

• sucrose 

• 2 X stacking  buffer: (250 mM Tris-HCI,  pH 6.8,  0.2 % (w/v) SDS) 

An 8- 1 5  % linear gradient gel of acrylamide was produced by mixing two solutions 

containing different concentrations of acrylarnide as they were pumped by peristalsis into 

the glass plate assembly. One solution termed the resolving gel heavy solution had the 

highest concentration of acrylamide and also contained sucrose (Table 3) 

Table 3. Composition of resolving and stacking gel solutions used in the SOS­

PAGE gradient gels. 

�" " "",Y, , ":"",Beagents; / '� , Y ' ' /  'BesoJmg Gel �ea�'o B�so�jrig �el t..:igfi'f::" '�' StacRll'lf:LGef9" :;� 
/ ' 0  � ::" ': 'OM Y '0 ' • Solutrori ��5<%'> �mEJj.:, SOwtioa t8.�O'l �mUl: 'i'[, Sotmioa/�mUI' ;/� 
1,� Sucr()s�<:; '.i '?; ,< \; ;. / ' .  

2,�·V(a!er �; .f •. �.,' :.:: :i / 'j��; ;rXj/�; · 3:�X�f&sOI"in9 g�r buffer� '; 4. 2 X.�tCl�19ng 9�f �tiff.er , .  ,.' 
5� A.ciYlarriicle �toCk (40 %)1 
6. APS1 . "  . 

7. TEMErr 

., 

3 g  
7.5 
5 

7.5 
0 . 1  
0.003 

1 see reagents l isted in section 2.2.9 . 1  

1 1  8 
5 

1 0  
4 2 
0 . 1  0.2 
0.003 0.02 

After the separating gel was poured , a layer of water was pipetted onto the gel surface and 

the gel allowed to set for ca. 30 min. The layer of water was then discarded, the top o f  the 

gel rinsed briefly with stacking buffer, and the remaining liquid removed with a piece of 
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3MM paper. After insertion of the well-forming comb the stacking gel solution was 

pipetted onto the resolving gel and allowed to set for ca. 30 min . S amples were prepared 

for loading as described in section 2.2.9. 1 .  Electrophoresis was conducted at 65 mA 

through the stack and 25 mA through resolving gel, and was usually terminated after 4 to 5 

h. For composition of running buffer, see section 2.2.9. 1 .  

2.2.9.3 Staining of gels after SOS-PA GE 

Reagents 

• CBB sta in :  (0. 1  % (w/v) Coomassie Bri l l iant Blue R-250, 40 % (v/v) methanol ,  1 0  % (v/v) 

acetic acid) 

• CBB destain :  (30 % (v/v) ethanol) 

• modified eBB stain (0.2 % (w/v) Coomassie Bri l liant Blue R-250, 20 % (w/v) methanol, 0 .5 % 

(v/v) acetic acid) 

• modified destain  (30% (v/v) m ethanol) 

S DS-PAGE gels were immersed in Coornassie Brilliant B lue (CBB) stain for 20 rnin with 

gentle agitation and then rinsed with several changes of CBB destain until the background 

became clear. When the protein was to be excised from the gel for sequencing the 

modified CBB stain and destain were used. 

2.2.9.4 Drying of gels after SOS-PAGE 

Polyacrylamide gels were air dried by placing between sheets of GelAir Cellophane Support 

(Bio-Rad). 
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2.2. 1 0  Western analysis of SOS-PAGE gels 

2.2. 10. 1 Production of primary antibodies 

Polyclonal antibodies were raised against the translation products of cloned cDNA 

sequences expressed in E. coli. The cDNA sequences were generated by reverse 

transcriptase polymerase chain reaction (RT-peR) ( section 2.3 .6), ligated into the GIBeo 

BRL pPRoEX ™ - 1  plasmid expression vector (Life Technologies Inc. Gathersburg, MD 
USA) (section 2.3 .2.9.2) and then transformed into a suitable strain of E. coli (section 

2 .3 .2. 10.2). Translation o f  the cloned cDNA sequences in E. coli harboring the 

recombinant plasmid was induced with isopropyl-�-D-thiogalactopyranoside (IPTG) , the 

protein then isolated by cellular disruption of the bacteria followed by metal-chelate affmity 

chromatography and the affmity purified protein used to immunise either rats or rabbits for 

production of polyclonal antibodies. 

2.2. 1 0. 1. 1 Preliminary induction of His-tagged fusion proteins in E. coli 

Reagents: 

• LB : (Luria-Bertani broth; see section 2.3.2. 1 )  

• 1 00 mM I PTG 

• 2 X SOS-PAGE gel loading buffer: (0 .22 M Tris-HCI,  pH 6 .8 ,  27 % (w/v) g lycerol ,  5.5 % (w/v) 

S DS, 5 % (v/v) 2-mercaptoethanol, 0.01 % (w/v) bromophenol b lue) 

The ability of E. coli transformed with recombinant pPRoEX to translate the cDNA insert 

upon treatment with IPTG, was initially tested on a small scale, by following the procedure 

accompanying the pPROEX kit. 

A single colony of E. coli, transformed with recombinant pPROEX was grown at 37°C 

overnight with agitation in 10 mL of LB broth supplemented with 1 00 jlg mL-1 ampicillin 

(LB AmptOO; section 2.3.2. 1 ) . An aliquot (0. 5  mL) o f  overnight culture was then used to 

inoculate 1 0  mL of fresh broth and incubation continued until the optical density at 590 nm 

of the bacterial culture reached between 0.5- 1 .0 (usually 3 h). One mL of the culture was 

then removed (to serve as an uninduced control), and IPTG added to a fmal concentration 

of 0.6 mM to the remaining culture. The culture was incubated for a further 3 h, during 

which 1 rnl samples were removed each hour. At conclusion of the sampling period,  the 

bacteria were pelIeted by centrifugation at 20 800 x g for 30 s, re suspended in 
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Figure 5. The map and schematic diagram of the pProEX vector and the vector 

m u ltiple cloning  site. 

The EcoR 1 and Hind I I I  sites used for inserting TR-AC01 a n d  TR-AC02 sequences in­

frame into the multiple cloni ng site (MCS) of p P roEX a re highl ighted . Also indicated are 

the N-terminal  six histid ine residues that become fused to the translated sequences and 

serve to enable purification of the fusion proteins by metal-chelate affin ity 

c h romatography. 

The f igure was reproduced from Focus 1 6  (4) . 
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60 ilL of 2 X SDS-P AGE gel loading buffer, boiled for 4 min, centrifuged again for 3 min 

and loaded into a well of an SDS-PAGE gel. Generally between 3 to 8 ilL of sample 

supernatant was loaded. After completion of electrophoresis, the proteins in the gel were 

stained with CBB (Section 2.2.9.3) and the protein profile at each time point examined for 

both induction of the protein of the predicted size, as well as to determine the time at which 

protein induction was maximal. 

2.2. 1 0. 1 .2 Large scale induction of His-tagged fusion proteins in E. coli 

Reagents 

• Lysis b uffer: (50 mM Tris-HCI ,  p H  8.0, 0.5 % (w/v) SOS, 1 % (v/v) 2-mercaptoethanol) 

• Dialysis membrane: Visking, Size 5, 1 2 to 1 4 000 kDa cutoff (Medicel l l nternational Ltd. ,  

London, UK). Prepared by boil ing i n  1 0  mM sodium bicarbonate, 1 mM EDTA for 1 5  m in ,  

then washed with many changes of  mil l iQ water. 

• 1 00 m M  (PTG 

• 50 mM Tris-HCI ,  pH 8.0 

After IPTG had been shown to induce a protein of predicted size and the time of its 

maximal induction determined, the procedure was scaled up to produce large amounts of 

the putative fusion protein. Broths were inoculated with E. coli and grown overnight as 

described above (section 2.2. 10. 1 . 1 ) .  An aliquot of overnight culture was then used to 

inoculate 1 to 2 L of fresh broth (one part overnight culture to 1 00 parts fresh broth) and 

incubation continued until the bacterial culture reached an optical density at 590 nm of 

between 0 .5 - 1 .0. One mL of the culture was then removed (to serve as an uninduced 

control), and IPTG added to a fmal concentration of 0 .6 mM to the remaining culture. 

Incubation was then continued until the time of maximal induction was completed (based 

upon the result of the small scale induction). The cultures were then transferred to pre­

weighed centrifuge tubes,  the bacteria pelleted by centrifugation at 1 0  000 x g for 1 0  min at 

4°C, the supernatant decanted, the weight of the bacteria determined, and the cells stored 

at - 80°C until required. 

To prepare a crude protein extract containing the induced protein for subsequent 

purification, the pelleted bacteria were re suspended in four volumes of cell lysis buffer, 

apportioned into 4 mL volumes and the protein released by sonication with a MSE 

Soniprep 1 50 Ultrasonic Disintegrator (MSE Scientific Instruments, Manor Royal, Sussex, 

England) .  The sonicator was fitted with 3 mm diameter probe and used at an amplitude of 
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14  microns ( 1 5  s on, 30 s off, repeated 6 times, with the bacteria kept cooled on ice) .  After 

sonication, the cellular debris was pelleted by centrifugation at 1 0  000 x g for 1 0  min at 

4°C, the supernatant removed and dialysed against 1 00 volumes of 50 mM Tris, pH 8 .0 at 

room temperature for 7 h to remove SDS (buffer was changed every 2 h). 

2.2. 1 0.2 Purification of His-tagged fusion protein by metal chelate affinity 
chromatography 

Reagents 

• Buffer A: (20 mM Tris-HCI p H  8.5, 1 00 mM KCI, 20 m M  imidazole, 1 0  mM 2-

mercaptoethanol, 1 0  % (v/v) glycerol) 

• B uffer B: (20 mM Tris-HCI p H  8.5, 1 M KCI, 1 0  mM 2-mercaptoethanol, 1 0  % (v/v) g lycerol) 

• Buffer C:  (Tris-HCI pH 8.5 , 1 00 mM KCI, 1 00 mM i midazole, 1 0  mM 2-mercaptoethano l ,  1 0  % 
(v/v) glycerol)  

The induced His-tagged fusion protein prepared in section (2.2. 1 0. 1 .2) was purified away 

from the bacterial protein contaminants by metal-chelate affInity chromatography according 

to the instructions in the pPRoEX ™ 1 Protein Expression System kit. 

The affinity column (l mL) was housed in a 1 0  mL disposable syringe barrel (Becton 

Dickensen) fitted with 2 layers of GF-A glass micro fibre filter paper, to prevent leakage of 

the column matrix. Prior to addition of sample, the column was equilibrated with 5 to 10  

volumes of  Buffer A at a flow rate of 0 .5  mL min'! . After which the sample was gently 

loaded onto the top of the column, allowed to run in, the column washed with ten volumes 

of Buffer A, two volumes of Buffer B, two volumes of Buffer A, and the fusion protein 

eluted with five to ten volumes of Buffer C. The eluate was collected in 0.5 to 1 .0 mL 

fractions and 5 ilL aliquots of each fraction analysed by SDS-PAGE (section 2.2 .9) and the 

protein quantified ( section 2.2.8)  to determine which fractions contained the fusion protein. 

These fractions were then combined. 
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2.2. 10.3 Protein sequencing 

Reagents: 

• AC: (200 mM ammonium carbonate) 

• TFA : (Trif luoroacetic acid) 

• Acetonitri le  

• Trypsin :  (bovine trypsin (8igma) , 250 Ilg mL-1 i n  AC) 

• Tween-20 
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To confIrm that the purified His-tagged fusion protein was the translated product of the 

cDNA insert cloned, 40 Jlg of affmity-purified fusion protein was fractionated over 8 lanes 

of a 1 6 % SDS-PAGE gel. The fusion protein was then identified on the basis of molecular 

weight using a modified CBB stain and destain procedure (section 2 .2 .9 .3)  and excised. In 

preparation for digestion, each gel piece was cut into tiny pieces, washed twice with 1 50 

JlL of 50 % (v/v) acetonitrile in AC at 30 °C for 20 min and then left at room temperature 

for ca. 1 0  min to semidry. After which, the pieces were partially rehydrated in 5 JlL of AC 

containing 0.02 % Tween-20, and digested by adding 2 JlL trypsin and then 5 JlL aliquots 

of AC until the pieces had rehydrated to their original size. The gel pieces were then 

completely immersed with AC, and digested further at 30 °C for 4 h and the reaction 

stopped by the addition of 1 .5 JlL of TF A. The resulting peptides were then extracted 

twice with 100 ilL of 60 % (v/v) acetonitrile, 0 . 1 % (v/v) TFA at 30°C with shaking, and 

the extracts  combined and concentrated to ca. 20 ilL in a SpeedVac® Concentrator (Savant 

Instruments Inc. Farmingdale, NY, USA) 

The peptides eluted from the polyacrylamide gel were separated on a (250 x 4.6 mm) 
VYDAC 2 1 8  TP C 1 8  ( 1 0  micron particle size) reverse phase column (Alltech Associates, 

Applied S cience Labs, Deerfield, UK) fitted with a ( 1 0  x 4.6 mm) 2 1 8TP ( 10 micron 

p article size) Direct Connect® HPLC Guard Column Cartridge (Alltech). The peptides 

were eluted from the column using a linear gradient of acetonitrile and 0. 1 % TF A at a flow 

rate of ca. 0.3 mL min-l . Elution of the peptide fragments was monitored at 2 1 4  nm using 

a scale of 0 . 1 absorbance units, the fractions containing the fragments were collected 

manually, dried in a SpeedVac and sent away to Ms Catriona Knight, Department of 

Biochemistry, University of Auckland, for amino acid sequencing. 
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2.2. 1 0.4 Immunisation of animals with affinity purified His-tagged fusion 
proteins and collection of antisera 

Reagents 

• Fre und's adjuvant (complete and incomplete; D ifco laboratories, Detroit, Michigan, U SA) 

• PBSalt (50 mM sodium phosphate, p H  7.4 in 250 m M  NaCI) 

The affmity-purified fusion proteins were used as the antigen for production of polyclonal 

antibodies in either rabbits or rats at the Small Animal Production Unit (SAPU), Massey 

University, Palmerston North, NZ. The primary inoculum consisted of fusion protein, 

PBS and complete Freund's  adjuvant in a ratio of 1 : 1 :2. The inoculum was vortexed 

vigorously upon addition of the components so that upon sitting it did not separate out into 

layers. Rabbits were inoculated with 500 �g fusion protein and rats 80 �g as a fmal 

volume of 1 .0 rnL (for rabbits) and 0.5 mL (for rats) .  Incomplete Freund's  adjuvant 

replaced the complete adjuvant for the boost inoculations. 

Table 4. Antibody production: timing of inoculation and collection of a ntisera. 

Rabbits Rats 

1 day 

4.5 weeks 

4.5 weeks 

4 weeks 

Immunisation and bleeds were performed by Mr. Eldon Ormsby, SAPU. Collected blood 

was clotted at 37 °C for 30 to 60 min in a centrifuge tube, the clot separated from the sides 

of the tube with a pasture pipette and allowed to clot further at 4°C overnight. The 

antisera containing the antibodies was then removed from around the clot, any 

contaminating cells pelleted by centrifugation at 1 0  000 x g for 1 0  min and the serum 

stored at -20°C, 
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2.2. 10.5 Western blotting 

2.2. 1 0. 5. 1 Transfer of proteins from SDS-PA GE gel to membrane support 

Reagents: 

• Transfer Buffer: (25 m M  Tris, 1 90 mM G lycine) 

Proteins separated by SDS-PAGE gel were transferred to a polyvinyl fluoride membrane 

(PVDF; Immobilin-P, Millipore Corporation, Bedford, MA, USA) using a Trans-Blot 

Electrophoretic Transfer Cell (Bio-Rad) .  The transfer cassette holder with gel and 

membrane was set up as shown in Figure 6.  

Red (+ve) terminal 

Scotch pad 

i����������������iiiiiiiiiiiiiiiiiiiii� ::: 3MM paper 

PVDF 

Black (-ve) terminal 

prote in gel 

3MM paper 

Scotch pad 

Figure 6. Setting u p  the cassette for transfer of protein from gel to membrane. 

The cassette was set up while partially immersed in transfer buffer so as to exclude air 
bubbles which can interfere with transfer. The PVDF membrane was soaked for 10  s in 

1 00 % methanol prior to placing on top of the gel. Transfer was performed either at 30 V 

overnight, or at 1 00 V for 1 h with stirring in the cold room. Protein transfer from 

polyacrylamide gel to PVDF membrane was confIrmed by staining the gel after transfer 

with eBB stain (section 2.2.9.3) .  
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2.2. 1 0. 5.2 Immunodevelopment of membrane 

Reagents: 

• PBSalt: (50 mM sodium phosphate p H  7.4 in 250 mM NaCI) 

• PBSalt-Tween 20: (0.05 % (v/v) Tween 20 i n  1 X PBSalt) 

• Goat anti-rabbit IgG antibody (Sigma) 

• Goat anti-rat IgG antibody (Sigma) 
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• Substrate: ( 1 50 mM Tris-HCI, p H  9 .7 containing 0.01 % (w/v) 5-bromo-4-chloro-3-indoyl 

phosphate (BCIP). 0.02 % (w/v) p-nitro blue tetrazol ium chloride (NBT), 1 % (v/v) dimethyl 

su lphoxide (DMSO); 8 mM MgC I2) 

After the conclusion of transfer, the membrane was peeled from the gel, placed protein-side 

up into an appropriate sized container and blocked in 0.5 % (w/v) I-BloceM (Tropix, 

Bedford, MA, USA) at room temperature for 1 h, or at 4°C overnight. The blocking 

solution was then discarded, and the PVDF membrane rinsed briefly with PBSalt-Tween 

20. The membrane was then bathed with a solution of either rabbit-raised primary antibody 

at a concentration of 1 :  2000 (diluted in PBSalt-Tween 20) or the rat primary antibody at a 

concentration of 1 :  1 000 in PBSalt-Tween 20 either at room temperature or at 37°C for 1 h 

with gentle shaking. After which, the primary antibody was discarded and the membrane 

washed three times for lO min with PBSalt-Tween 20 and the secondary antibodies (either 

goat anti-rabbit alkaline phosphatase or goat anti-rat alkaline phosphatase) at a 

concentration of 1 :  lO  000 in PBSalt-Tween 20 added. After incubation at room 

temperature for 1 h, the membrane was washed three times for 1 0  min with PBSalt -Tween 

20, twice with 1 50 mM Tris pH 9.7 for 5 min, the substrate added, and the reaction 

allowed to continue in the dark. The reaction was stopped when sufficient colour had 

developed by discarding the substrate solution and rinsing the membrane several times in 

RO water. 

2.2. 1 0.5. 3  Estimation of protein molecular mass 

Protein size was estimated by comparison to the electrophoretic mobility of the size 

standard marker proteins. In detail, the distance between the origin and the centre of each 

of the marker proteins was used to plot a calibration curve. A regression equation was 

fitted to the calibration curve using the computer programme SlideWrite™ (Advanced 

Graphics Software Inc., Carlsbad, CA, USA) and the size of the protein of interest 

determined from the regression curve (using the Function Evaluator option of the 

programme). 
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2.2. 1 0.S. 4  Quantification of protein accumulation in western blots by Image 
analysis 
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Quantification of protein on western blots by image analysis was carried out by Dr. Donald 

B ailey at the Institute of Fundamental S ciences, Massey University, Palmerston North, NZ. 

The alkaline phosphatase product was imaged with a S ony DXC-3000P video camera and 

the image captured into a PC using the Visionplus-AT Colour Frame Grabber. For each 

band of product deposition, the maximum pixel was found. The programme then moved 

left and right until a local minimum was found in each direction, which delineated the front 

and back edges of  the band. The pixel values between the front and back are summed to 

give the integrated density. 

2.3 M olecular methods 

2.3 . 1  Chemicals 

Unless otherwise stated, molecular biology or analytical grade chemicals and reagents 

supplied by BDH or Sigma were used, and all solutions were made with milli-Q water. 

Solutions were sterilised in a bench pressure cooker or by autoclaving at 103 kPa for times 

dependent upon the volume of liquid (500 mL or less, 20 mill; 1 L, 30 mm; 2 L, 45 rnin), or 

filter sterilised through a 0.22 IlM nitrocellulose filter (Millex® -GS sterilising fliter unit, 

Millipore). 

2.3.2 DNA cloning procedures 

2.3.2. 1 Growth conditions for bacteria 

Reagents: 

• LB (Luria-Bertani) pH 7.5 :  ( 1  % (w/v) bacto-tryptone,  0.5 % (w/v) bacto-yeast extract, 1 % 

(w/v) NaCI) .  

• Amp50or 1oo: Ampicil l in  (50 or 1 00 mg  mL'1 ) 

E. coli cultures were grown with vigorous shaking (200-230 rpm) at 37 °C in LB broth. E. 

coli cultures were maintained and single colonies isolated on solid LB. Media were 

supplemented with antibiotics as required. In this study, ampicillin at a [mal concentration 

of 50 or 1 00 f.lg mL'l (Amp50 or 100 ) was typically used. 

E. coli cultures maintained on solidified media were stored at 4°C and subcultured 

approximately every four to six weeks. Every three to five months, the stored cultures on 
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solidified media were replaced by fresh inoculations from frozen long-term storage 

cultures. 

In order to store bacteria longer term, the bacterial cells were preserved as frozen glycerol 

stocks . Typically an 800 ilL aliquot from a 10 mL LB overnight culture was added 

aseptically to a pre-sterilised cryotube (Nunc) containing 200 ilL of  1 00  % (v/v) glycerol, 

the tube snap frozen in liquid N2 and immediately placed at -80°C. 

2.3.2.2 Plasmid isolation from E. coli by the alkaline lysis method 

Reagents: 

• Alkal ine Lysis, Solution A: (25 m M  Tris-HCI ,  pH  8.0, 50 mM g lucose, 1 0  mM EDTA) 

• Alkaline Lysis, Solution B: (0.2 M NaOH, 1 % (w/v) SDS) 

• Alkal ine Lysis, Solution C: (3 M potassium acetate, 2 M g lacial acetic acid) 

• Isopropanol 

• 80 % (v/v) ethanol 

Plasmid DNA was isolated from E. coli by the alkaline lysis method of Sambrook et al. , 

( 1 989). Typically, a 10 mL LB AmplOO broth was inoculated with E. coli by stabbing a 

single colony with a sterile toothpick and breaking off the lower portion of the toothpick 

directly into the broth. After incubation at 3TC overnight with shaking, the cells were 

pelleted by centrifugation at 3 000 x g for 5 min at room temperature, the supernatant 

drained, and the pellet resuspended completely in 200 ilL of freshly prepared alkaline lysis 

solution A. After transferring to a microfuge tube, the cells were lysed with 400 ilL of 

freshly prepared Alkaline Lysis Solution B by mixing with gentle inversion and a 1 0  min 

incubation on ice. The contaminating chromosomal DNA and protein was then precipitated 

by addition of 300 ilL of freshly prepared alkaline lysis solution C. After the solution was 

shaken vigorously and incubated on ice for 5 min, the precipitate was pelleted by 

centrifugation at 20 800 x g for 5 min at room temperature, and the supernatant removed 

to a fresh tube. If the plasmid was to be used in ligation reactions, an equal volume of 

chloroform: isoamyl alcohol (24: 1 )  was added to the supernatant, the aqueous and organic 

phases mixed by vortexing and separated by centrifugation at 20 800 x g for 5 mm at room 

temperature, after which the top aqueous phase was removed. The plasmid DNA was then 

precipitated by the addition of an equal volume of isopropanol, the DNA pelleted by 

centrifugation at 20 800 x g for 10 min at room temperature, the pellet rinsed with ice-cold 
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80 % (v/v) ethanol, and dried briefly in a SpeedVac (section 2 .3 .2 .3) .  Typically the pellet 

was redissolved in 40 to 50 J.1L of sterile water. 

2.3.2.3 Precipitation of DNA and RNA with ethanol or isopropanol 

Reagents: 

• 3 M sodium acetate pH 5.2 

• 1 00 % (v/v) ethanol: (99.7 to 1 00 % (v/v) ethanol) 

• 80 % (v/v) ethanol 

Nucleic acid was routinely precipitated from solutions by adding 0. 1 volumes of 3 M 

NaOAc and either 2.5 volumes (for DNA) or three volumes (for RNA) of ice cold 1 00 % 

(v/v) ethanol. Precipitations were performed at 4°C on ice or for times dependent upon the 

estimated concentration of nucleic acid. If the concentration was considered to be 1 J.1g 

mL-1 or greater (for example in plasmid preparations) then the nucleic acid was centrifuged 

immediately, while if thought to be below 0.5 jlg ml-l ,  the nucleic acid was incubated 

overnight (for maximal yield) prior to centrifugation. The nucleic acid precipitate was then 

pelleted by centrifugation at 20 800 x g for 10  to 1 5  mill at room temperature (or 4°C), the 

supernatant discarded, residual salts removed by rinsing the pellet with 80 % (v/v) ethanol. 

After discarding the 80 % (v/v) ethanol any residual ethanol still adhering to the walls of 

the microfuge tube was collected by pulse-centrifugation and removed with a micropipette. 

The pellet was then dried at 40°C in a heating block for ca. 4 min. 

In some instances when volume quantities were limiting, 0.6 to one volume of isopropanol 

was added rather than ethanol. However, ethanol was preferred as isopropanol is less 

volatile and tends to co-precipitate solutes, for example, NaCl, which can inhibit re­

dissolution of the nucleic acid pellet. 

2.3.2.4 DNA quantitation 

DNA was quantified by diluting an aliquot (typically 5 f.lL) of DNA to 1 mL with water, 

placing in a 1 cm light path quartz cuvette, and comparing the absorbance at 260 nm 
against a water blank. The absorbance reading at 260 nm enabled calculation of the 

concentration of nucleic acid present in the sample since an OD o f  1 corresponds to 

approximately 50jlg/ mL double stranded DNA (Sambrook et al. 1 989) 

A260 nm X dil ution  factor X 50 = cone. DNA in !-Lg/ ml 
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Purity of nucleotide solutions can be gauged by examining the A260nn/A280nm (Sambrook et 

al., 1 989) and A26Onm/A230nm ratios (Dong and Dunstan, 1 996). 

Relatively pure DNA solutions have an A260nn/A280nm ratio of 1 .8 ,  a value that decreases 

with the presence of contaminants such as proteins, phenol and surfactant, or if nucleic acid 

is not fully resuspended (Teare et al., 1 997) .  

Relatively pure DNA solutions have an A260nmlA230nm ratio > 2, a value that decreases with 

the presence of polysaccharides. 

2.3.2.5 Restriction digestion of DNA 

Unless otherwise stated, DNA was digested with GIBeo BRL restriction enzymes (Life 

Technologies) in the recommended buffer. The total concentration of glycerol in the 

digestion reactions was always kept at 5 % (v/v) or below and the enzyme never exceeded 

1 00 U f.tg-1 to reduce the incidence of "star" activity, whereby endonucleases cleave 

sequences similar, but not identical to their defined cleavage sites. 

Reagents: 

• Restriction enzyme 

• 1 0  X Restriction buffer 

• R Nase A ( 1 0 mg mL-1 stock) (Sigma) 

• 1 0  X SUDS:  (0. 1  M EDTA pH 8.0, 50 % (v/v) glycerol ,  1 % (w/v) SOS, 0 .025 % (w/v) 

bromophenol blue) 

Digestion of DNA with restriction endonuclease enzymes was performed for a number of 

different reasons. 

1 .  To prepare plasmid and insert for cloning 

DNA was digested serially when more than one restriction enzyme was used. Plasmid 

DNA obtained from a 1 0  mL culture of bacteria by alkaline lysis (section 2.3 .2.2) was 

divided in half, one half digested with the first restriction enzyme, and the other with the 

second enzyme in reaction mixes containing 40 U restriction enzyme, 0. 1 volumes of 1 0  X 

restriction buffer, 20 f.tg RNase A and sterile water to 40 f.tL. After incubation at 37°C for 

3 h, an aliquot (2f.tL ) of each digestion mix was resolved in a 1 % (w/v) agarose gel 

(section 2.3 .2.6) to confirm that both enzymes were cutting effectively and to assess 

whether the enzymes had cut to completion (by the presence of linearised plasmid). After 
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digestion had proceeded to completion with the fIrst restriction enzymes ,  the linearised 

plasmid from each mix was precipitated with ethanol (section 2.3.2 .3) ,  resuspended in 

sterile water and digested with the other restriction enzyme (except no RNase was added). 

After digestion at 37°C for 3 h was completed, the double digested plasmid was geI­

(section 2.3.2.6) and column-purified in preparation for ligation (section 2.3.2.8 . 1 ) .  

PCR products (amplifIed using the primers described in section 2.3 .6.2.3) were also 

digested serially with the appropriate restriction enzymes in preparation for cloning. The 

DNA from a single 1 00 ilL volume amplification mix (section 2 .3 .6.2.5) was precipitated 

with ethanol, re suspended in 20 ilL sterile water and digested with 200 U of the first 

restriction enzyme in a reaction mix containing 0. 1 volumes of 1 0  X restriction buffer and 

sterile water t o  200, ilL at 37°C for 3 h. The DNA was then precipitated as before, 

re suspended in 20 ilL sterile water and digested with the second restriction enzyme using 

the same reaction conditions as for the first digestion. On completion of digestion, the 

double digested DNA was again precipitated with ethanol, resuspended in sterile water, and 

gel- (section 2.3 .2.6) and column purified (section 2.3 .2.8. 1 ). 

2. To confirm that plasmids o f  transformed bacteria contained the inserts of expected 

SIze. 

Typically, 1 to 2 Ilg plasmid DNA obtained by alkaline lysis (section 2.3 .2.2) was digested 

in a reaction mix containing 5 U of restriction enzyme, 0. 1 volumes of 1 0  X restriction 

buffer, 1 0  Ilg RNase A and sterile water to 1 0  ilL at 37°C for 1 to 3 h. The reaction was 

terminated by the addition of 0. 1 volumes of 1 0  X SUDS and the digested DNA resolved 

by electrophoresis (section 2.3 .2.6). 

If excision of the insert required the action o f  two restriction enzymes, and both enzymes 

were able to cut effectively in a common buffer (for example, Hind III and EcoRl both cut 

1 00 % in the Hind III buffer), then digestion was performed in a single reaction volume. 

3 .  To produce quantities o f  insert for radiolabelling 

Larger amounts of insert were o btained by digesting all the plasmid DNA purified from a 

1 0  mL culture in a reaction mix containing 20 U of restriction enzyme, 0. 1 volumes o f  1 0  X 

restriction buffer, 20 Ilg RNase A and sterile water to 80 ilL at 37°C for 3 h. The excised 

insert was gel-purified in a 1 % (w/v) agarose gel (section 2.3 .2 .6) and the insert isolated 

by the freeze-squeeze method (section 2.3 .2.8 .2). 
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2.3.2.6 Agarose gel electrophoresis of DNA 

Reagents: 

• 1 0  X TAE Buffer: (0.4 M Tris, 0.2 M glacial acetic acid ,  1 0  m M  EDTA pH  8 .0) 

• 1 0  X SUDS:  (0. 1 M E DTA p H  8.0,  50 % (v/v) glycero l ,  1 % (w/v) SDS, 0.025 % (w/v) 

bromophenol blue) 

• Ethidium bromide: ( 1 0  m g  m L-1 ) 

• Gibco BRL U lt raPUR E™ agarose (Life Technologies) 
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DNA fragments generated by PCR (section 2 .3 .6.2) and restriction digestion ( sections 

2 . 3 . 2. 5  and 2 .3 .4.3) were routinely analysed by separation through horizontal I X  T AE, 0.8 

to 1 .2 % (w/v) agarose gels. Electrophoresis was routinely performed using a B io-Rad 

DNA Mini Sub CelfM (70 cm2 gel bed; 30 mL volume) for plasmid and PCR generated 

DNA, or a Bio-Rad DNA Sub CellTh1 (225 cm2 gel bed; 1 00 mL volume) for plant genomic 

DNA. 

The gel solution was made by adding I X T AE running buffer to the appropriate amount of 

agarose. The weight of the flask and contents were then noted, the gel mix heated to 

dissolve the agarose, the flask reweighed and any water that had evaporated replaced. 

After the gel solution had cooled to touch, ethidium bromide was added to a fmal 

concentration of 0. 1 5  llg mL-1 and the solution immediately poured into a gel-forming 

apparatus. No ethidium bromide was added to the gel solution used for genomic analysis. 

Instead the gel was stained after electrophoresis with 0. 1 Ilg mL-J ethidium bromide for 20 

min and then destained (with water) for a further 20 min. 

DNA samples were weighted with 0. 1 volumes of 1 0  X SUDS, loaded, and separated by 

electrophoresis at 5 to 10 V cm-] for plasmid and PCR-generated DNA or at 5 V cm-] for 

plant genomic DNA. After electrophoresis, the DNA fragments were visualized on a short­

wavelength (340 nm) UV Transilluminator (UVP Inc. ,  S an Gabriel, CA, USA), and 

photographed either digitally with an Alpha lmagerTM 2000 Documentation and Analysis 

System (Alpha Innotech Corporation, San Leandro, CA, USA) or using a Polaroid Land 

Camera with Polaroid 667 fIlm (Fabrique au Royanne-Uni. UK, Ltd., Hertfordshire, 

England) . 
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2.3.2. 7 Size determination of nucleic acid 

The sizes of nucleic acid fragments were determined from their mobility relative to that of  

known standards resolved on the same gel. This data was entered into a computer 

programme, DNAFIT (National Institute of Health, Bethesda, MD, USA) employing a 

four-parameter logistic model to describe the relationship between electrophoretic mobility 

and the 10glO molecular size (Oerter et aI., 1 990). 

2.3.2.8 DNA recovery from agarose gels 

DNA fragments generated by PCR (section 2.3 .6.2) or produced by restriction 

endonuclease digestion of plasmid inserts (section 2.3.2.5) were isolated for use in ligation 

or labelling reactions by either the spin-column or freeze-squeeze methods. 

2. 3.2.8. 1 Spin column method 

Reagents: 

• Wizard ™ Min iPreps DNA Purification System (Promega Corporation, Madison, W I  USA) 

• Column wash solution: (8.3 mM Tris-HCI, pH 7.5,  80 mM KOAc, 40 IlM EDTA, p H  8.0, 55  % 

(vlv) ethanol) 

• 6 M Nal 

DNA fragments were isolated from agarose gels for ligation reactions usmg the spin 

column method. DNA was separated by electrophoresis in a 1 % (w/v) agarose gel 

(section 2.3 .2 .6), the desired fragment identified under long-wave UV, excised from the gel 

with a sterile scalpel blade and placed in a pre-weighed microfuge tube. Three volumes of 

6 M NaI were added per gram of excised gel and the gel heated at 55°C for 1 5  ruin or until 

the gel had completely melted. One mL of thoroughly re suspended DNA purification resin 

was then added and the resinlDNA mix transferred to a 3 mL syringe barrel (Becton 

Dickensen) attached to a minicolumn on a Vac-Man™ Laboratory Vacuum Manifold 

(Promega). The resinlDNA mix was then drawn onto the column by vacuum, flushed with 

2 mL of column wash solution, and dried by continuing the vacuum for an additional 30 s .  

After transfer of the column to a microfuge tube, residual wash solution was removed by 

centrifugation at 3 800 x g for 1 min. An aliquot (50 ilL of sterile water preheated to 

70°C) was then added to the column and after 1 min the DNA eluted by centrifugation at 

1 8 000 x g for 20 s .  
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2.3.2.8.2 Freeze-squeeze method 

This very simple and quick method was used to isolate DNA templates for labelling. DNA 

was separated by electrophoresis and the fragment isolated as before (section 2 .3 .2. 8 . 1 ). 

The excised gel piece was then snap-frozen in liquid N2 , the agarose pelleted by 

centrifugation at 20 800 x g for 1 0  mill at room temperature, and the supernatant 

containing the DNA collected. A variation of the method which resulted in higher yields, 

involved adding 1 volume of sterile water to the excised gel and melting at 50°C for 1 5  min 
prior to snap-freezing of the gel in liquid N2• 

N otes: 

• I n  this study, the DNA p urified by this method could not be l igated. 

2.3.2.9 DNA Ligation 

2. 3.2. 9. 1 DNA ligation using linearised T- Vector 

Sequences generated by PCR were ligated into the pCR®2. 1 linearised T-vector plasmid 

(Figure 7) by essentially following the method provided with the TA-Cloning® kit 

(Invitrogen, Leek, The Netherlands) . The technique relies on the ability of the PCR 

amplification enzyme, Taq polymerase, which has terminal transferase activity, to add a 

single deoxyadenosine to the 3 '-ends of duplex molecules .  These 3'-A overhangs can then 

be used to insert the peR product into a vector which contains single 3 '_ T overhangs at its 

insertion site. 

The amount of PCR product (for a 1 :3 molar ratio) required for ligation was calculated 

using the equation supplied with the TA-cloning Kit. 

X ng = 3(Y bp PGR Product)(50 ng pGR 2. 1 Vector) 

(size i n  bp of pGR 2. 1 Vector) 

Reagents: 

• T4 D NA l igase ( Invitrogen) 

• 1 0  X l igation buffer ( lnvitrogen) 
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The PCR product was ligated with 50 ng linearised pCR 2. 1 vector in a reaction mix that 

contained 21lL T4 DNA ligase, 0. 1 volumes of 10  X ligation buffer and sterile water to 20 

ilL. The ligation was conducted at 14°C overnight in a PTC-200 Peltier Thermal Cyeler 

(MJ Research, Inc.,  Watertown, Massachusetts, 02 1 72 USA). 

lacZa ATG 
Hind I I I  Kpn I Sac I BarrH I Spe t M 1 3  Reverse Primer I I I I I 

CAG GM ACA GCT AIQ A C ATG ATT ACG CCA AOC TTG GTA CCG AGC TCG GtlT CCA eTA 

GTC eTT TGT ct;A. TAC T G TAC TM TOC GGT TCG MC CAT GGC TCG Ae£, CTA C1IT GtlT 

Bst)( I EcoR I EcoR I 
I I I 

GTA ACG GCC Gce AGT GTG CTG GM He GGC T2.1144
;
'MdMpA Gce GM nc T e£,  

CAT Te£, C GG  CGG T C A  GA C  GA C  CTT AAG CCG !f.iWI •••• ___ T T  CGG CTT MG ACG 

Ava l 
PaeR7 1 

EcoR V Bst)( I Not I Xho I Nsi I Xba I Apa I ... I I I I I I I 
AGtI TAT CCA TCA CAC TGG CGG CCG CTe GAG CAT GCA TCT AGtI G:>G CCC MT TCG r:CC=e-:T�A:-::T 
TCT ATA GGT AGT GTG ACC Gce GGC GAG eTe GTA CGT AGA T CT CCC GGG TTA Ae£, GGG ATA 

T7 Promoter 

AGT GAG TCG TAT T 
TCA eTe AGC ATA A 

AA 
��������� TT �����-=���= 

Figure 7. Diagram of the pCR 2.1 plasmid used for TA-clon i ng PCR generated 

sequences. 

The sequence of the m ultiple clon i n g  site is shown with a PCR produet inserted by TA­

clo n i n g .  The inserted PCR product is f lanked on each side by EcoR1 sites that were 

used to cut out the i nsert from the p lasmid. The M 1 3  Forward and Reverse Pri mers 

used i n  sequencing are indicated . 

This f igure is reproduced from the TA-cloning@ I nstructio n  manual .  
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2. 3.2. 9.2 DNA Iiga tion using restriction digested vector 

For ligations not involving the pCR 2 . 1  vector, a 1 :3 molar ratio of vector to insert was 

also used, but the quantity of vector and product used was calculated visually by resolving 

an aIiquot of vector and PCR product on the same 1 % (w/v) agarose gel and estimating 

from the ethidium bromide staining intensities. This simple method works because plasmid 

vectors are often four times larger than their inserts. 

Reagents : 

• Gibco BRl T4 DNA Ligase ( 1  U Ill·1 ) (life Technologies) 

• 1 0  X ligation buffer (supplied with ligase) 

The appropriate amount of PCR product was ligated with typically between 1 0  to 50 ng of 

vector in a reaction mix that contained 2JlL T4 DNA ligase, 0 . 1  volumes of 10 X ligation 

buffer and sterile water to 20 JlL. The ligation was conducted at 14°C overnight in a PTC-

200 Peltier Thermal Cyeler 

2.3.2. 10 Transformation of E. coli 

2. 3.2. 1 0. 1 Preparation of competent cells 

Cells used for transformation in this thesis were either TA-Cloning®OneShot™ competent 

cells supplied with the TA-Cloning kit, or E. coli strain DH-5a cells (Life Technologies) 

made competent using CaCh. 

Reagents: 

• 60 m M  CaCI2 

• g lycerol 

• lB broth: (refer section 2.3.2 . 1 ) 

Ten mL of LB broth was inoculated with a single colony of E. coli, incubated at 3JOC 

overnight with shaking, and 0.4 rnl removed to inoculate 40 mL of fresh LB broth. 

Incubation was continued at 3 5°C until the optical density at 600 nm had reached 004, the 

culture was then poured into a prechilled centrifuge tube and the bacteria pelleted by 

centrifugation at 2000 x g for 5 mill at 4°C. After discarding the supernatant, the bacterial 

pellet was re suspended in 1 0  mL ice-cold 60 mM CaCh, a further 1 0  mL CaCh added and 

the cells placed on ice for 30 min. After which time, the cells were pelleted as before, the 
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supernatant discarded, the cells resuspended in 4 mL CaCh, 1 5  % (v/v) glycerol, and stored 

at -80°C in 300 ilL aliquots. 

Three different transformation methods were used in this thesis to transform competent 

cells. Lab stocks of DH-5a cells made competent (section 2 .3 .2 . 1 0. 1 )  were either 

transformed with the standard heat shock protocol (section 2 .3 .2 . 1 0.2) or the faster 5 min 

transformation protocol of Pope and Kent ( 1 996) (section 2.3 .2. 1 0.3) .  B oth methods 

worked equally well in this thesis. When TA-cloning was performed with the One Shot TM 

competent cells supplied in the kit, the transformation protocol recommended by the 

manufacturer was followed (section 2.3.2. 10.4) . 

2. 3.2. 1 0.2 Transformation by standard heat shock protocol 

Reagents: 

• LB broth : (refer section 2.3.2. 1 )  

A 300 ilL aliquot of DH-5a cells made competent (section 2.3 .2 . 10. 1 )  was thawed on ice, 

ca 1 0  ng ( 10 ilL ) of plasmid DNA added, and incubation on ice continued for a further 30 

min . After which time the cells were heat-shocked at 42°C for 2 min, placed back on ice 

for 2 min, 0.7 mL of LB added, and the transformation mix incubated with shaking at 37°C 

for 1 h. Putative transformants were selected by spreading 25 JlL and 1 00 JlL volumes of  

the transformation mix onto LB plates supplemented with antibiotics (typically Arnp50) ,  and 

incubating the plates at 37°C overnight. The plasmids of the resultant single colonies 

(isolated by alkaline lysis, section) were then evaluated for the presence of insert of  the 

expected size by restriction endonuclease digestion (section 2.3 .2.5). 

2.3.2. 1 0. 3  Transformation by 5-minute protocol 

In this thesis, the 5 rnin transformation method of Pope and Kent ( 1 996) was found to 

work equally well with competent cells prepared by the CaCh method. Ten ng of plasmid 

DNA was added to 300 JlL of competent DH-5a cells, the mix incubated on ice for 5 rnin 

and a 1 00 ilL aliquot then spread directly onto an LB Amp50 plate that had been 

preincubated at 37°C. The plate was incubated at 37°C overnight and the resultant 

colonies checked for the presence of plasmid and insert as described above (section 

2 . 3 .2 .5) .  
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Notes: 

• Does not work with plasmids that are selected with Kanamycin sulphate (Pope and Kent 

( 1 996). 

2. 3.2. 1 0.4 Transformation by TA cloning kit protocol 

Reagents: 

• 0.5 M 2-mercaptoethanol: (supplied in kit) 

68 

• SOC medium: (supplied i n  kit): (2 % (w/v) tryptone ,  0.5 % (w/v) yeast extract, 1 0  m M  NaCl, 

1 0  mM MgS04, 20 mM g lucose) 

• Ampici l l in :  (50 fl9 mr1 ) 

Two jlL of 0.5 M 2-mercaptoethanol was added to a vial of One Shot TM competent cells 

(Invitrogen) that had been thawed on ice, and mixed in gently by swirling of the pipette tip. 

Five jlL of the ligation reaction was then added and the transformation mix incubated on 

ice for 30 min, the mix was then heat shocked at 42°C for exactly 30 s ,  placed back on ice 

for 2 min, and 250 jlL of SOC medium added. The putatively transformed bacteria were 

then shaken at 37°C for 1 h, placed on ice and aliquots of 50 and 200 jlL spread onto LB 

Arnp50 plates .  Plates were incubated at 37°C overnight and the resultant colonies checked 

for the presence of plasmid and insert as described above (section 2 .3 .2.5). 

2.3.3 DNA sequencing procedures 

2.3.3. 1 Purification of DNA for sequencing 

Plasmid DNA isolated from a 1 0  mL culture of E. coli by alkaline lysis ( section 2.3 .2.2) 

was made up to 1 00 ilL with sterile water or TE buffer, and 10 jlL (50 !lg) of RNase 

added. After incubation at 3rC for 1 0  min, 1 rnL of thoroughly resuspended Wizard™ 

MiniPreps DNA purification resin was added, and the plasmid column-purified ( section 

2 .3 .2 .8 . 1 )  except that the centrifugation step at 3 800 x g for 1 min was replaced by 

centrifugation at 1 8  000 x g for 2 min. 
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2.3.3.2 Man ual sequencing 

Double-stranded DNA was sequenced with a Sequenase™ Version 2 .0  DNA Sequencing 

Kit (United States Biochemicals, Cleveland, Ohio, USA: Amersham) that was developed 

from the chain-termination method (Sanger et al. , 1 977) using a modified Sequenase™ T7 

DNA polymerase (Tabor and Richardson, 1 989).  The enzyme has been genetically 

modified to remove the 3' to 5' exonuclease repair activity, is reported to be very stable and 

have high specific activity. 

Reagents: 

• 2N NaOH 

• 0.5 M E DTA 

• 2 M ammon ium acetate p H  4.6 

• 1 00 % (w/v) ethanol 

• 75 % (w/v) ethanol 

• [a-35S]-dATP (Amersham I nternational, Plc. ,  Amersham, Buckinghamshire ,  England) 

• Sequenase version 2 sequencing kit 

• 5 X label l ing mix: (7.5 j.l.M dGTP, 7,5 j.l.M dCTP, 7.5 j.l.M dTTP) 

• E nzyme d i lution buffer: (1 0 mM Tris-HCI, pH  7.5 ,  5 mM OTT, 0.5 mg  mL-1 BSA) 

• 2 X stop solution: 95 % (v/v) formamide, 20 mM EOTA, 0.05 % (w/v) bromophenol blue, 0.05 

% (w/v) xylene cyanol FF) 

Typically, 4 Jlg of plasmid DNA was denatured by adding one-tenth volume of 2 M NaOH, 

2 mM EDT A and incubating at room temperature for 5 min . The mixture was neutralised 

by adding a one-tenth volume of 2 M ammonium acetate pH 4.6 and the DNA precipitated 

with two to four volumes of 1 00 % (v/v) ethanol at -80°C for 1 0  min. After the DNA was 

pelleted by centrifugation at 1 8  000 x g for 10  min and rinsed with ice-cold 75 % (v/v) 

ethanol, the DNA was dried briefly under vacuum in a SpeedVac. 

The dried DNA pellet was redissolved in 6 JlL of sterile water and 2 J.1L of 5 X T7 

Sequenase Reaction Buffer and 2 JlL of sequencing primer (either M 1 3  Universal Forward 

or Reverse) added. The DNA strands were then melted at 65°C for 5 mill in a heating 

block, and then the temperature was rapidly reduced to 37°C and the primer annealing 

continued at 37°C for a further 1 5  min . The annealed DNA mixture was then placed on ice 

while the reaction mix was prepared. 
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Prior to combining the components of the reaction mix the T7 DNA polymerase was 

diluted l :7 with enzyme dilution buffer, and the labelling mix diluted l :4 with sterile water 

and both placed on ice until required. The reaction mix was then prepared by combining 1 

J.1L DTT, 2 J.1L diluted labelling mix, 2 J.1L diluted Sequenase T7 DNA polymerase, and 0.5 

J.1L 1000 Ci mrnor1 [a-35S]-dATP (Amersham). 

The reaction mix was then added to the ice-cold annealed DNA mixture, and the mix 

incubated at room temperature for 2 to 5 min to initiate polymerisation and label the 

sequencing product a short distance from the primer. After which time, the tube was 

cooled on ice until the dideoxy-nucleotide termination reaction tubes were prepared. The 

termination tubes were prepared by aliquotting 2 .5  J.1L of each dideoxy-nucleotide into a 

separate labelled tube. Aliquots (3 .5  J.1L )  of the labelling reaction were transferred to each 

tube, and the tubes incubated at 3rC for 5 min . After which time, the reactions were 

stopped by the addition of 4J.1L of stop solution, and stored on ice or at -20°C until 

required. 

2.3.3.3 Sequencing gels 

Reagents: 

• 1 0  X TBE: ( 1 .3 M Tris-base, 450 m M boric acid, 25 mM EDTA) 

• 40 % (w/v) acrylamide 

• 1 0  % (w/v) APS 

• TEMED 

• Urea 

Termination reactions were analysed by electrophoresis through a vertical 6 % (w/v) 

polyacrylamide denaturing gel containing 8 .3  M urea in 1 X TBE buffer. The gel mix 

consisted of 1 5  mL of  40 % (w/v) acrylarnide, 1 0  mL of 1 0  X TBE,  50 g of  urea and water 

to 1 00 mL. The solution was mixed for at least 1 h to dissolve the urea, and then fIltered 

through Whatman No. 1 filter paper prior to the addition of 1 mL of fresh 1 0  % (w/v) APS 

and 5 0  J.1L of TEMED. After addition of the TEMED, the gel mix was quickly injected 

into the gel plate assembly which consisted of two GIBCO BRL Model S2 glass sequencing 

plates (Life Technologies) separated by 0.4 mm thick spacers (Life Technologies) and 

sealed at the base and sides with Sleek™ medical tape (Smith and Nephew, Ltd . ,  Hull, 

UK). Two 14 cm GIBCO BRL vinyl doublefme sharkstooth combs (Life Technologies Inc . )  
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were then inserted between the plates, into the gel to a depth of ca. 2 mm and the combs 

completely covered with excess acrylamide to exclude air. After polymerisation was 

complete (at least 1 h), the combs and basal tape were removed, and the plates installed 

into the Gmco BRL Model S2 Sequencing Gel Electrophoresis System (Life 

Technologies). TBE buffer (running buffer) was added to both chambers and the inverted 

combs removed and reinserted teeth downward until the teeth had just made contact with 

the gel surface.  The gel wells were then flushed with running buffer to remove any 

accumulated urea in preparation for loading. The stopped termination reactions were then 

heated at 70°C for 3 min, rapidly cooled on ice, and loaded into the wells. The sequencing 

products were initially separated at 1 650 V, 40 mA and 65 W for 3 h by electrophoresis, 

then a second loading from each reaction was performed in separate wells and 

electrophoresis continued for another 2 h. At completion of electrophoresis, the gel plate 

assembly was dismantled and the gel fIxed in a solution of 5 % (v/v) acetic acid: 5 % (v/v) 

methanol for 20 min. The gel was then transferred onto 3MM paper, covered with 

clingflirn, dried in vacuum gel-drier at 80°C for 1 . 5  h, and placed in a Hypercassette TM 

(Amersham) with NIF RX Fuji Medical X-ray fIlm (Fuji Photo Film Co. ,  Ltd.) and the 

radiolabelled fragments visualised by autoradiography. 

2.3.3.4 Automated DNA sequencing 

Plasmid DNA was prepared for automated sequencing as described in section (2.3 .3 . 1 )  at a 

concentration of 200 ng I...ILl and sent to Ms Lorraine Berry, MUS eq, Institute of 

Molecular BioSciences, Massey University, Palmerston North, NZ for automated 

sequencing. The plasmid DNA was sequenced using the ABI PRISM™ Dye Terminator 

Cycle Sequencing Ready Reaction Kit with AmpiTaq®DNA Polymerase, FS (Perkin Elmer, 

Foster City, CA, USA), and the products analysed with an automated ABI PRISM™ 377 

DNA Sequencer (Applied Biosystems, Foster City, CA, USA) 

2.3.3.5 Sequence alignment 

Alignment of sequences obtained with manual and automated sequencing was achieved 

either using the Align Plus Sequence Alignment Program version 2 (Science and 

Educational Software, State Line, PA, USA) or Clustal X (Thompson et al. , 1 994) .  

Sequence identity comparisons with other organisms was performed using Basic Local 

Alignment Sequence Tool (Blast-N ; Altschul et al. , 1 990). 
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2.3.3.6 Sequence phylogeny 

A majority rule consensus tree was built using a heuristic search with default parameters of 

a pre-release �-version of the computer programme Phylogenetic Analysis Using 

Parsimony (Paup version 4.0 od64, Sinaur Assoc, Inc. Publishers, Sunderland 

Massachusetts © 1 998 Smithsonian Institute) .  

2 .3 .4 Sout hern analysis procedures 

Two different phenol-based methods for isolating genomic DNA were used in this thesis. 

The fIrst method which used less phenol and chloroform appeared to produce DNA that 

was restriction-digested just as well as the more time consuming second method. 

2.3.4. 1 Genomic DNA isolation method 1. 

Reagents: 

• Extraction b uffer: (50 mM Tris-HCI, pH 8.0, 0.25 M NaCI,  20 m M  EDTA, 0 .5% (w/v) SDS) and 

0 .01  % (v/v) 2-mercaptoethanol added just before use 

• Tris-buffered phenol: (6 mL of 1 M Tris-HCI ,  pH 8.0,  7.5 mL 2M NaOH,  1 30 mL  H20 ,  500 9 
commercial phenol crystals) 

• TE Buffer: ( 1 0 mM Tris-HCI ,  pH 8 .0, 1 mM EDTA, pH 8.0) 

• RNase A: ( 1 0 mg/ mL ) 

Genomic DNA was isolated from leaf tissue using the method of Michaels et aI., ( 1 994). 

This involved extracting approximately 3 g of powdered leaf material in 1 0  mL of 

extraction buffer at 60QC for 5 min. Six mL of Tris-buffered phenol was then added to the 

extraction mix and incubation continued for a further 5 min. After this time, an equal 

volume of chloroform: isoamylalcohol (24: 1 )  was mixed in by inversion, the aqueous phase 

separated from the organic phase by centrifugation at 4 000 x g for 1 0  min at 4 QC and 

transferred to a fresh tube. Contaminating polysaccharides were precipitated by adding 

slowly, but with rapid mixing, 0.35 volumes of 1 00 % (v/v) ethanol and incubating the 

solution on ice for 1 5  to 20 min. After pelleting the polysaccharides by centrifugation at 4 

000 x g for 1 0  min at 4 QC, the aqueous supernatant containing the nucleic acids was 

collected, and the nucleic acids precipitated on ice for 1 5  min after the addition of an equal 

volume of isopropanol. The precipitated nucleic acid was then pelleted by centrifugation at 

4 000 x g for 1 0  min, the supernatant discarded, the pellet was washed once with 80% 

(v/v) ethanol and once with 100% (v/v) ethanol before being resuspended in 3 mL of TE 
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buffer. Contaminating RNA was removed by incubating the nucleic acid with 3 I-lg of 

RNase A at 37°C for 1 h and the DNA precipitated by incubation at room temperature for 

1 5  min after the addition of one third volume of 8 M ammonium acetate and 2.5 volumes of 

1 00% (v/v) ethanol. The DNA was then pelleted by centrifugation at 4 000 x g for 1 5  min 

at 4°C, washed in 80 % (v/v) ethanol, re suspended in 25 to 400 /-lL of  TE buffer and 

stored at - 20°C . 

Notes: 

• The temperature of the Tris-buffered phenol extraction mix must be below 60°C when the 

chloroform is m ixed in ,  as chloroform boi ls at 6 1 .7°C 

2.3.4.2 Genomic DNA isolation method 2 

Genomic DNA was isolated from leaf tissue by a modified method of Junghans and 

Metzlaff, ( 1990) (A. Griffith, AgResearch, Grasslands, Palrnerston North, NZ, pers. 

comm. ) . 

Reagents: 

• Lysis  buffer: (50 mM Tris-HGI ,  p H  7.6, 1 00 mM NaGI, 50 mM EDTA, 0 .5  % (w/v) S DS), 0.01 

% (v/v) 2-mercaptoethanol may be adde d  to the lysis buffer immediately  p rior to DNA 

extraction 

• Tris-buffered p henol: (6 mL 1 M Tris-HCI,  pH  8.0, 7.5 mL 2M NaOH,  1 30 mL H20, 500 9 
commercial phenol  crystals) 

• TES: ( 1 0 mM Tris-HGI ,  p H  8.0, 1 00 mM NaGI ,  1 mM EDTA 

• RNase A: ( 1 0 m g/ mL ) 

• TES/RNase: (25 mL TES, 40 IJ.L RNase) 

Approximately 1 .6 g of powdered leaf tissue was added to 1 0  mL of lysis buffer and 1 0  mL 

of Tris-buffered phenol. The mix was then shaken vigorously for 3 min to obtain a good 

emulsion, 5 mL of chloroform: isoamyl alcohol (24: 1 )  added, and the mixing continued for 

a further 3 min . The cellular debris was then pelleted by centrifugation at 26 000 x g for 10 

rnin at  4°C, the aqueous supernatant transferred to a new centrifuge tube containing 5 mL 

of Tris-buffered phenol, and the phenol mixed in by shaking for 3 min . Five mL of 

chloroform: isoamyl alcohol (24: 1)  was then added and the mixture shaken again for 3 min . 

The aqueous and organic phases were then separated by centrifugation at 26 000 x g for 10 

min and the aqueous supernatant removed to a fresh tube, 1 0  mL of chloroform: isoamyl 

alcohol (24: 1 )  added, the contents mixed for 3 rnin and the aqueous phase separated and 
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removed to a new tube as before. The nucleic acid was precipitated by the addition of  0.67 

volumes of isopropanol and then pelleted by centrifugation at 26 000 x g for 1 0  min. After 

which time, the pellet was rinsed with 80 % (v/v) ethanol, dried at 400e for 5 min , and 

resuspended in 4 rnL TESlRNase solution. After incubation at 37°e for 25 min to digest 

the contaminating RNA, the nucleic acid was transferred into a fresh centrifuge tube that 

contained 2 mL phenol, the solution shaken vigorously for 3 min , 2 mL chloroform: 

isoamyl alcohol (24: 1 )  added and the tube shaken for a further 3 min. The aqueous phase 

was separated by centrifugation as before, transferred into a fresh tube that contained 4 mL 
chloroform: isoamyl alcohol (24: 1 ) ,  shaken for 3 min, and the centrifugation repeated. The 

nucleic acid in the aqueous phase was precipitated with ethanol (section 2.3 .2 .3) ,  

resuspended in 500 ilL of 0.25 M NaCl, and 0.35 volumes of 1 00 % (v/v) ethanol added 

slowly but with rapid mixing to precipitate polysaccharide contaminants .  After incubation 

on ice for 1 5  min, the polysaccharide precipitate was pelleted by centrifugation at 20 800 x 

g for 5 min at 4°e, the supernatant removed, the DNA precipitated with ethanol, 

resuspended in sterile water, quantified (section 2.3 .2.4) and stored in aliquots at -20oe 

2.3.4.3 Restriction Digestion of Genomic DNA 

Reagents: 

• Gibeo BRL EcoR1 :  (1 0 U 11Ll) (Life Technologies) 

• Gibco BRL Xba I :  ( 1 0 U JIL1) (Life Technologies) 

• G ibco BRL Hind I l l :  (1 0 U JlL-1 ) (Life Technologies) 

• 1 0  X Restriction buffer: (supplied with the appropriate restriction enzyme) 

Genomic DNA was digested with three restriction endonuclease enzymes in separate 

reaction mixes. Each digestion mixture consisted of 30 Ilg DNA, 80 U of  restriction 

enzyme, 20 ilL of 1 0  X restriction buffer and sterile water to 200 ilL. Digests were 

incubated at 37°e overnight, after which an additional 30 U of enzyme was added and the 

DNA digested further for 3 to 5 h. The DNA was then precipitated with ethanol overnight 

(section 2.3 .2 .3) ,  resuspended in 20llL sterile water, weighted with one-tenth volume of 1 0  

X SUDS and resolved by agarose gel electrophoresis (section 2.3 .2 .6) . 
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2.3.4.4 Southern (capillary) blotting of genomic DNA 

Genomic DNA fragments resolved by agarose gel electrophoresis (section 2 .3 .2.6) were 

transferred to a nylon membrane by the downward alkaline capillary transfer method of 

Chomczynski ( 1 992), except for an additional depurination step. 

Reagents: 

• Depurination solution :  (0.25 M HCI) 

• Denaturation solution: ( 1 .5 M NaCI ,  0.4 M NaOH) 

• Transfer solution (pH 1 1 .4 to 1 1 .45): (3 M NaCI ,  8 mM NaOH) 

• 5 X SSPE: (50 mM NazP04.2HzO, p H  7.7, 0 .9  M NaCl , 5 mM EDTA) 

Following electrophoresis (section 2 .3 .2 .6) ,  the gel was immersed in depurination solution 

with gentle agitation for 7 min . The depurination solution was then discarded, the gel 

rinsed twice with RO water, placed in denaturation solution for 1 h, washed twice more 

with RO water and immersed in transfer solution for 1 5  min. 

The blotting system (Figure 8) was constructed while the gel was being prepared for 

transfer. A gel-sized piece of 3MM paper, pre-soaked in transfer solution, was placed on a 

glass plate. Upon this was placed a gel-sized sheet of Hybond™ -N+ membrane that had 

been pre-soaked in transfer solution for 5 min . The gel was then placed on the membrane 

to exclude air bubbles, and a piece of gel-sized 3MM paper, pre-soaked in transfer solution, 

laid on top. The whole assembly was transferred onto four pieces of dry 3MM paper which 

sat upon a 3 to 5 cm high stack of paper towels, and the gel was surrounded by strips of 

laboratory sealing fIlm (Whatman) to ensure that all capillary movement of the transfer 

solution would pass through the gel. Two more pieces of gel-sized 3MM paper pre­

soaked in transfer solution were placed on top of the assembly and a wick constructed from 

4 strips of 3MM paper presoaked in transfer solution. The whole construction was then 

covered in cIingflJm to prevent evaporation of transfer solution from the wick and transfer 

occurred overnight. Upon completion of  transfer, the apparatus was dismantled, the 

membrane immediately placed, DNA side up, upon 3MM paper soaked in 0.4 M NaOH 

and the membrane left for 20 min. The membrane was then neutralised in 5 X S S PE for 5 

min, dried at 70°C for 1 0  min, and sealed in a plastic bag at 4°C until required. 
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Transfer solution 

r 
Cover with cl ingfi lm 

~ 
4 X long 3MM for wick (wet) 

3 X 3MM (wet) 

:........-- Gel  

Membrane 

F:: 
1 X 3 MM (wet) 

I 1-
4 X 3 M M  (dry) 

3 to 5 cm paper towels 

Figure 8 Arrangement of the apparatus used to transfer DNA and RNA samples to 

Hybond-N+ membranes 

2.3.4.5 Southern (capillary) blotting of cDNA fragments 

Reagents: 

• Transfer solution: (0.4 M NaOH, 1 .5 M NaC I) 

• Neutral isat ion solution: (0. 1  M Na2P04.2H20, pH  7.2) 

Aliquots (50 ng) of DNA fragments generated by the polymerase chain reaction or 

restriction digestion of  plasrnids were transferred to Hybond-N+ by the downward alkaline 

capillary transfer method of Chomczynski ( 1992) as described for Southern blotting 

(section 2.3.4.4), except the gel was not depurinated or denatured before transfer, and the 

transfer was carried out in 0.4 M NaOH and 1 . 5  M NaCl for 4 h. After transfer, the 

membrane was incubated for 1 0  ruin in neutralisation solution and stored moist at 4°C until 

required. 
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2.3.4.6 Labelling Probe DNA for use in Southern and northern analysis 

2.3. 4.6. 1 Labelling DNA with the Ready- To-Go™ [a-32Pj-dCTP DNA Labelling Kit 

Reagents: 

• Ready-To-Go™ DNA Label l ing Kit (Pharmacia Biotech) 

• TE: ( 1 0  m M  Tris-Hel, p H  8.0, 0 . 1  mM EDTA) 

• [U_32p]-dCTP (Amersham) 

DNA was labelled with [a-32P]-dCTP using the Ready-To-Go™ DNA Labelling Kit. An 
aliquot of DNA (25-50 ng) was diluted with either sterile water or TE, denatured in a 

boiling water bath for 2 to 3 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 bead. After gently resuspending the bead with the DNA, 5�L 

of [a_32P]_dCTP (3 000 Cif mmoI) was added and the labelling reaction allowed to proceed 

either at room temperature or 37°C for 1 5  min. During this time, the ProbeQuant™ 

Sephadex G-50 Micro Column (Pharmacia Biotech) was prepared. This involved 

vortexing the column to resuspend the Sephadex, loosening the lid, snapping off the bottom 

closure and centrifugation of the column in a rnicrofuge tube at 735 x g for 1 min to 

remove the void volume. The column was then transferred to a new rnicrofuge tube in 

readiness for sample application. After completion of the labelling reaction, the sample was 

carefully layered onto the Sephadex and the sample purified away from unincorporated 

nucleotides ,  reaction dyes and salts by centrifugation at 735  x g for 2 min. The labelled 

DNA collected at the bottom of the rnicrofuge tube was then denatured in a boiling water 

bath for 2 min, quick-chilled on ice for 2 min and added directly to the hybridisation 

solution (pre-equilibrated at 65°C ) bathing the membrane (section 2 .3 .4.7) .  

2.3.4. 6.2 Labelling DNA with the Megaprime™ [a-32Pj-dA TP DNA Labelling Kit 

Reagents: 

• M egaprime™ DNA Label l ing Kit (Amersham) 

• [u_32p]_dATP (Amersham) 

• 0.2 M E DTA, p H  8.0 

• Reaction buffer: (suppl ied in kit) 
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DNA was labelled with [a-32P]_dATP using the Megaprime™ DNA Labelling Kit. DNA 

was fIrst diluted to a concentration of ca. 5 ng ilL-I , and 5 !-lL of this diluted DNA 

combined with 5 ilL of nonamer primers. The DNA was then denatured in a boiling water 

bath for 3 min, the contents collected by a brief centrifugation and 41lL each of the 

unlabelled nucleotides (dGTP, dCTP and dTTP) added. The labelling reaction was 

initiated with 5 ilL of [a_32P]_dATP (specific activity 3 000 Cif mmol) after the addition of 

5 ilL of reaction buffer, 1 7  ilL of sterile water, and 2 !-lL of enzyme. The reaction was 

continued at 37°C for 15 min, then stopped by the addition of 5 !-lL 0.2 M EDT A, pH 8.0, 

after which the radio labelled DNA was purified through a ProbeQuant Sephadex G-50 

Micro Column as described in section 2.3.3 .7. 1 .  The radio labelled DNA was then 

denatured for 3 min in a boiling water bath, cooled on ice for 2 min and either 25 or 50 JlL 

of the labelled DNA added directly to the hybridisation solution (pre-equilibrated at 65°C ) 

bathing the membrane (section 2 .3 .4.7). 

2.3.4. 7  Hybridisation and washing of DNA and RNA blots 

Reagents: 

• Church hybridisation sol ution: (0.25 M Na2P04.2H20, pH  7.2, 7 % (w/v) SOS, 1 % (w/v) BSA 

fraction V, 1 m M EDTA, p H  8 .0) 

• Hybridisation wash solution 1 . : (20 mM Na2P04.2H20, pH 7.2, 5 % (w/v) SOS, 0.5 % (w/v) 

BSA fraction V, 1 mM EOTA, p H  8.0) 

• 20 X SSPE: (0.2 M NaH2P04 'pH 6.5, 3.6M NaCI, 20 mM EDTA) . 

• 2 X SSPE wash:  (2 X SSPE pH 6.5, 0. 1 % (w/v) SOS). 

• 1 X SSPE wash: (1 X SSPE pH 6.5, 0 . 1 %  (w/v) SOS) 

• 0.2 X SSPE wash :  (0.2 X SS PE pH 6 .5 ,  0.1 % (w/v) SOS). 

• 0. 1 X SSPE wash :  (0.1 X SSPE pH 6.5, 0 .1  % (w/v) SOS) 

Labelling and washing of Hybond-N+ membranes was performed essentially as described by 

Church and Gilbert ( 1984). The membrane was rolled up, nucleic acid facing inwards, and 

placed inside a Hybaid™ screw top glass tube (Hybaid Ltd.,  Teddington, Middlesex, UK), 

then rinsed with RO water, and bathed with 25 rnL of Church hybridisation solution in a 

rotary oven at 65°C. The denatured labelled DNA probe, prepared as described in sections 

2.3 .4.6, was then added to the hybridisation solution bathing the membrane and 

hybridisation allowed to occur overnight at 65°C. The membrane then underwent a series 

of washes at 65°C. The fIrst was for 20 mill in ca. 1 00 rnL of  hybridisation wash solution 
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1 .  This was followed by 20 min in 2 X SSPE wash, 20 min in 1 X SSPE wash, 20 min in 

0 .2  X SSPE wash and fmally 30  to 60 min in the 0 . 1 X S S PE wash. The membrane was 

then wrapped in clingfilm, or heat-sealed in a plastic bag, and placed in a X-OMATIC 

cassette (Eastman Kodak Company, Rochester, NY, USA) containing
-
a single X-OMATIC 

intensifying screen and XAR-5 X-ray fllm (Kodak) . After exposure for a suitable period of  

time at -700C , the fIlm was developed in the dark by  incubation for 5 min in developer 

solution (HC l l O, Kodak), then rinsed briefly with water and fixed for 1 to 2 min in a 

fixative solution ( Rapid Fixer Solution A, Kodak). 

2.3.4.8 Stripping Southern and northern blots 

Reagents: 

• Stripping solution: (0. 1 X SSPE, 0. 1 % (w/v) SOS) 

• 0.1  X SSPE 

Blots were stripped according to the method of Memelink et aI.,  ( 1994). Stripping solution 

was boiled for ca. 5 min in a gas pressure cooker with the pressure cap removed and the 

solution poured onto the membrane and allowed to cool to room temperature. This 

procedure was repeated (typically twice) until counts were low. The membranes were 

given a final rinse in 0. 1 X SSPE to remove the SDS. 

2.3.5 RNA Isolation 

RNA is tolerant of a variety of solvent, salt and temperature conditions. It is highly 

resistant to shear and can be vortex-mixed without detriment (Strommer et aI. , 1 993). The 

major concern of working with RNA is the presence of contaminating ribonuc1eases, both 

endogenous (mainly located in vacuoles) and in the environment, which can be difficult to 

eliminate or inactivate. 

In this study, endogenous ribonucleases were inactivated during extraction by the use of an 

extraction buffer with high pH, and the inclusion of a chelating agent, a detergent , and 

organic solvents. 

Care was taken to avoid the introduction of ribonucleases from external sources such as 

hands and dust. Disposable gloves were always used and regularly changed. Unless 

otherwise stated, solutions were made from analytical grade chemicals that were reserved 

for RNA use only. Chemicals were dispensed by pouring or by using spatulas that had 
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been baked at 1 80 °C for a minimum of 4 h. Only new sterile plasticware or glassware that 

had been baked at 1 80°C for at least 4 h were used for storing solutions for RNA, and 

water used for making the solutions was obtained directly from the Milli-Q water source. 

If pH adjustment of a solution was necessary, the pH electrode was incubated in 50 mM 

NaOH for 1 0  to 1 5  mm and rinsed with sterile water. Any gel apparatus used was 

sterilized with 0. 1 M NaOH for a minimum of 20 min. 

2.3.5. 1 Isolation of total RNA 

Reagents: 

• Extraction buffer: ( 1 00 m M Tris-HCI,  p H  8.0, 1 00 mM LiCI,  1 0  m M  EDT A, 1 % (w/v) SDS) 

• Tris-buffered phenol: (6 mL of 1 M Tris-HCI ,  pH 8.0, 7 .5 mL of 2 M  NaOH, 1 30 mL  of H20, 

500 9 of commercial phenol crystals ) 

• Extract ion buffer/ phenol: (extraction buffer: Tris-buffered phenol [ 1 : 1 ]) 

Extraction of RNA was accomplished essentially by scaling up the procedure described by 

Van Slogteren et al. ( 1 983) .  Aliquots ( 1  to 4 g) of powdered leaf material was extracted in 

five volumes of extraction buffer/ phenol, pre-equilibrated at 80°C, in a fume hood. The 

extraction mix was vortexed for 30 s, 2.5 volumes of chloroform: isoamyl alcohol (24: 1 )  

added and the vortexing repeated. The extraction mix was then incubated at 50°C for 1 5  

mm and the cellular debris and denatured proteins pelleted by centrifugation at 4 000 x g 

for 30 mm at 4°C. The aqueous supematant was transferred to a fresh tube, the RNA 

precipitated at 4°C overnight by the addition of an equal volume of ice cold 4 M LiCl, and 

the precipitate pelleted by centrifugation at 4 000 x g for 45 mm at 4°C. The pellet w as 

re suspended in sterile water, an equal volume of chloroform: isoamyl alcohol (24: 1 )  added, 

the aqueous and organic phases mixed by vortexing and then separated by centrifugation at 

20 800 x g for 3 ruin at room temperature. The aqueous phase was removed to a new tube 

and the RNA precipitated with ethanol (section 2.3.2.3) ,  resuspended in a small volume of 

sterile water, quantified (section 2.3 .5 .3)  and stored at -80°C until required. .  For 1 g 

extractions this was typically 40 J.1L , and for 4 g extractions 250 f.lL. For long term 

storage, RNA was stored at -80°C as an ethanol precipitate. 

Notes: 

• The f inal chloroform step added to this method was especially important for large extractions 

as it improved final dissolution of the RNA pellet. 
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• If the RNA pellet was hard to dissolve, it was heated at 65cC for 1 0  min 

2.3.5.2 Isolation of poly (A)+ RNA 

Reagents: 

• PolyATtract mRNA Isolation System IV  Kit (Promega) 

• 20 X SSC, p H  7.0 (suppl ied in kit): ( 1 7.53 % (w/v) NaCl ,  8 .82 % (w/v) sodium citrate) 

8 1  

Poly (At rnRN A  was purified from total RNA using biotinylated oligo(dT) bound to 

S treptavidin MagneSphere™ particles, following the protocol supplied with the 

PolyATtract rnRNA Isolation System IV Kit. 

Total RNA ( 100 to 1000 f.1g: section) was made to a volume of 500 f.1L with sterile water 

in a microfuge tube and the solution heated at 65°C for 1 0  mill to denature the RNA. An 
aliquot of the biotinylated 1 7  mer oligo (dT) primer (dT) oligonucleotide (3f.1L) and 1 3  f.1L 

of  20 X SSC was added and mixed, and the solution incubated at room temperature for 1 0  

min . The Streptavidin MagneSphere® Particles (SA-PMPs) were re suspended by flicking 

the bottom of the tube, and then captured on a magnetic stand. The preservative solution 

was carefully removed, and the S A-PMPs washed 3 times with 300 f.1L of 0.5 X SSC by 

fIrst resuspending the particles and then capturing them on the magnetic stand. Following 

the third wash, the SA-PMPs were resuspended in 1 00 f.1L of 0 .5  X SSC, and the entire 

contents of the RNA! oligo (dT) annealing reaction added. The reaction was incubated at 

room temperature for 10 mill to allow binding between the biotin and streptavidin 

components, the SA-PMPs captured on the magnetic stand and the supernatant removed. 

The S A-PMPs were washed 4 times by resuspending them in 300 f.1L of 0. 1 X SSC, 

capturing the particles on the magnetic stand, and removing the supernatant. On the last 

wash, care was taken to remove as much of the supernatant as possible. 

The poly (A)+ RNA was recovered by resuspending the SA-PMPs in 1 00 f.1L of sterile 

water, incubating for 5 min at room temperature, and capturing the particles with the 

magnetic stand. The supernatant was transferred to a fresh microfuge tube. The SA-PMPs 

were again resuspended in 1 50 f.1L sterile water, incubated for 5 min and the particles 

captured with the magnetic stand. The supernatant was removed, added to the fIrst 

supernatant and the RNA quantified (section 2 .3 .5 .3) ,  snap-frozen in liquid air and stored 

at -80 until required. 
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2.3.5.3 RNA Quantitation 

To measure total RNA concentration, the procedure as described for DNA (section) was 

used. For RNA, an OD260 of 1 .0 corresponds to approximately 40 Ilg mL-1 (Sambrook et  

al., 1 989) .  

A260 n m  X di lution factor X 40 = conc. R NA i n  !lg/ mL 

Poly (At mRNA was quantified in a 250 ilL volume, 1 cm light path, quartz cuvette that 

had been incubated with concentrated HCI for 1 5  min. Initially 50 mM NaOH was used to 

denature the RNases, but was discontinued as NaOH can etch the face of glass and quartz 

cuvettes (Dr. Christine Voisey, AgResearch, Grasslands, Palmerston North, NZ, pers. 

comm.). After incubating with concentrated HCI, the cuvette was rinsed with copious 

volumes of sterile water and the samples measured. The cuvette was rinsed three times 

with sterile water in between sample measurements. 

The purity of the RNA was determined as for DNA by measuring the A260nrr/A280nm ratio. 

Relatively pure solutions of RNA have an A260nrr/A280nm ratio of 2.0, a value that decreases 

with the presence of contaminants such as proteins and phenol. 

2 .3.6 Ampl ification of DNA by RT-peR 

2.3.6. 1 Reverse Transcriptase Synthesis of cDNA 

Reagents: 

• G IBCO BRL S uperscript™ 1 1  RNase H- Reverse Transcriptase (200 U j.LL-1 ) (Life Technologies) 

• Gibco BRl 5 X fi rst strand buffer: (supplied with S uperscript) 

• 0.1 M OTI (supplied with Superscript) 

• GIBCO BRL cloned Ribonuclease I nhibitor ( 1 0  U j.LL-1 ) (life Technologies) 

• G ibco BRl 1 0  m M dNTP mix ( 1 0  m M each dATP, dGTP, dCTP and dTIP at neutral pH)  

(life Technologies) 

First strand copy DNA (cDNA) synthesis was performed using GIBCO BRL Superscript™ 

II RNase H- Reverse Transcriptase. Five ilL (5Ilg) of total RNA was denatured with 0.5 

ilL (500 ng) of 17 mer oligo (dT) primer in a rnicrofuge tube at 80 °C for 5 min and the 

contents collected by centrifugation at 20 800 x g for 5 min at room temperature. Two ilL 

of 0. 1 M DTT, 4 ilL of 5 X fIrst strand buffer, 1 ilL of 1 0  mM dNTP mix, 2 ilL of 

ribonuclease inhibitor and 1 ilL of reverse transcriptase were then added to the RNN 
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primer mix and the volume made to 20 JlL with sterile water. The contents were then 

carefully mixed and incubated at 42 °C for 1 .5 h, after which the mix was diluted 1 :4 with 

sterile water and heated at 70°C for 10 min to denature the enzyme. 

For 3'-RACE, 5 ILL of a 1 0  JlM stock of the oligonucleotide primer ADAPdT (Fig) 

replaced the 500 ng 1 7  mer oligo (dT) primer. ADAPdT (Figure 9) was used instead of  the 

1 7  mer oligo (dT) primer when gene specific primers were used for 3'-RACE, as at the 

higher temperatures used for PCR, multiple T residues serve as a poor primer (Frohman et 

al., 1 988). 

S" ·GTG GATCCTACT G CAGCTAATTTTTTTTTTTTTTTTT-3'  
BamH I Pst l 

Figure 9. Sequence of the ADAPdT primer 

2.3.6.2 peR amplification of DNA 

2. 3. 6.2. 1 Primers 

GIBeo B RL  primers (Life Technologies Inc . )  were dissolved in sterile water at a 

concentration of 1 00  JlM and stored at -20°e. A working stock was prepared by 

dissolving one part primer to two parts water which gave a concentration of 33  JlM. 

Typically 1 JlL of primer was used per 1 00 JlL volume of PCR mix to give a fmal 
concentration of 330 nM. 



Materials and Methods 84 

2.3. 6.2.2 Degenerate primers used in RT-PCR 

Nested degenerate oligonucleotide primers known to bound a highly conserved region 

amongst ACC oxidase genes were provided by Professor S .P. Yang (University of 

California, Davis, USA). The sequence of each primer is given in Figure 1 0. 

ACOF1 : F irst round forward primer (Shifted by 3 nucleotides in  5' direction for E 1  0 1 ) 

Amino acids D A C 

Q 
H 
E N W G 

5' GTGAATTC GAY G C N  T GY SAN AAY TGG GG 3' 

EcoR 1 2 4 2 2 4 2 Degeneracy = 256 X 

ACOR 1 : First round reverse primer (Shifted by 1 2  nucleotides in  3' direct ion for E 1  02) 

5' TCG TCT AGA TC RAA N C K  MGG YTC YTT 3' 

Xba I 2 4 4 2 2 2 +-- Degeneracy = 256 X 

El 01 : Second round forward primer 

A C 

Q 

E N W G F 

5' GTGAATTC GCN TGY GAR AAY TGG G G H  TT 3' 

EcoR 1 4 2 2 2 3 t--Degeneracy = 96 X 

El 02: Second round reverse primer 

5'  TCG TCT AGA GYT CYT TNG CYT G RA AYT T 3' 
Xba I 2 2 4 2 2 2 +--Degeneracy = 256X 

Where: R= A,G; H= A,C,T; W= A,T; D= A,G,T; Y= C,T; S= C,G; N =  

A,C,G,T; M =A,C 

Figure 1 0. Sequence of the primers used in RT-PCR to amplify putative ACC 

oxidase sequences. 
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2.3. 6.2.3 Primers used for in-frame cloning into the pPRoEX ™_ 1  vector 

The GIBCO BRL pPROEX TM - 1  protein expression system was used to translate foreign 

gene sequences in E. coli (section 2 .2. 1 0) .  This requires that the cDNA template be 

inserted in the correct orientation and in-frame into the pPROEX plasmid vector. To 

accomplish this, new primers (Figure 1 1 ) were designed by Dr. Michael T. McManus and 

used in PCR with a plasmid cDNA template to generate sequences that contained a 

different restriction site at their 5 '  and 3'ends. These two restriction sites could then be 

used to directionally clone the DNA fragment into the mUltiple cloning site of the pPRoEX 

vector. The primers were also designed (where necessary) to contain spacer nuc1eotides 

between the coding frame portion of the primer and the restriction site so that the when 

inserted into pPRoEX the sequence would be in-frame. Another important aspect of 

primer design was the requirement for additional nucleotides to cap the restriction site . 

This was necessary because restriction enzymes cut very poorly at the ends of  DNA 

fragments (New England Biolabs Catalogue, 1993) .  For instance, EcoRl requires the 

addition of a single nucleotide to cap the restriction site for the enzyme to cut, while Hind 

III will not cut unless there is a minimum of three nucleotides capping its restriction site. 

ACOFE: E 1 01 derivative (fi rst round forward primer) 

Q 
A C E N W G 

S"-GGA ATT �GCN TGY SAN AAY TGG G GH-3' 

EcoR 1 � 
Spacer for in-
frame cloning 

ACORH: E 1 02 derivative (first round reverse primer) 

5' �� CTT YTC YTT NGC YTG RAA YTT-3' 

Hind I I I  

Cap: Important for efficient 
cutt ing by Hind I I I  

Figure 1 1 .  Primers used for amplification o f  sequences for directional in-frame 

cloning into the pProEX vector. 
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2.3. 6.2.4 Primers used for 3 '-RACE 

Primers used in 3'-RACE were identified using the Primer 2, Primer Designer programme 

(Scientific and Educational Software) together with the following criteria: (i.) The 3 '-end of 

the primer should be unique in the sequence to eliminate the chance of secondary priming, 

and (ii.) The 3'-end should be somewhat unstable, finishing in A' s and T' s ,  which 

effectively prevents false priming as well as broadening the optimal annealing temperature 

(Rychlik, 1 993). The primers used in 3'-RACE are given in Figure 1 2. 

ACOF2: First round forward primer 

( Primer  d esigned to region common to both TR-AC01 and 2) 

5" -GGTGACCAGCTCGAGGTAAT-3" 

ACOF4: First round forward primer 

( Pr imer designed to region specifi c  to TR-AC01 ) 

5' -GTTATCTATCCAGCAACAAC-3" 

ACOF4A : second round forward p ri mer (shifted 5 residues at 5' end of ACOF4) 

(Pr imer designed to region  specific to TR-AC01 )  

5 "  -CTATCCAGCAACAACATTGA .. 3' 

ACOF4B : (First round forward primer) 

(Primer designed to generate the 3'-UTR TR-AC02 probe) 

5' -CTTGGTTCAATTGCAACAGT -3' 

ACOF2B : (First round forward primer) 

(Pr imer designed to generate the 3'-UTR TR-AC01 probe) 

5" -CAAGCTAAGGAACCAAGAT-3' 

ADAP: reverse primer 

5" -GTGGATCCTACTG CAGCT AA·3-
Bam H I  Pst l 

Figure 1 2. Primers used i n  3'-RACE 
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2.3. 6.2.5 peR conditions 

Reagents: 

• Expand™ High Fidelity system (Boehringer Mannheim, GmbH, Mannheim, Germany) 

• 1 0  X PCR buffer (supplied with Expand) 
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• Gibco BRl 1 0  mM d NTP mix ( 1 0  mM each dATP, dGTP, dCTP and dTTP at neutra l  pH)  

PCR was performed in  1 00 ilL volumes usmg the Expand High Fidelity system as 

described by the manufacturer. Two separate master mixes were prepared on ice. Master 

Mix 1 consisted o f  2 ilL of 1 0  mM dNTP mix, 1 ilL of 33 IlM upstream primer, 1 ilL of 33 

J1M downstream primer, DNA template (see below) and sterile water to 50 ilL. Master 

Mix 2 consisted of 1 ilL of Expand High Fidelity enzyme mix, 1 0  ilL of 1 0  X PCR buffer 

with 1 5  mM MgClz and sterile water to 50 ilL. The two mixes were combined, placed into 

a PTC-200 Peltier Thermal Cyeler and the PCR carried out for thirty cycles, each 

consisting of 1 mill at 92°C (denaturation), 1 mill at 42°C
' 

(annealing), and 1 mill 40s at 

72°C (extension) with a final extension time of 1 0  min at 72°C. 

The DNA template used in PCR was either (i.) 10 JlL of the diluted ( 1 :4) fITst strand cDNA 

template produced in section, (ii.) 1 ilL of spin-column purified (section 2 .3 .2. 8 . 1 )  

plasmid. (iii. )  2 JlL o f  first round amplification mix. 

*
The temperature of annealing was raised from 42°C to 50 °C for plasmid templates and 

raised to 5 5°C for amplification with gene-specific-primers used 3'-RACE procedure. 

2.3.7 Northern Analysis Procedures 

2.3.7. 1 Electrophoresis of RNA 

Reagents: 

• 37 % (v/v) formaldehyde 

• 1 0  X MSE: (200 mM MOPS, 50  mM NaOAe, 1 0  mM E DT A) 

• Gibeo BRl U lt raPURE ™ Agarose 

• Running buffer: (0.22 M formaldehyde in 1 X MSE) 

• Formamide/SB/XC: (0.01 % (w/v) bromophenol blue, 0 .01  % (w/v) xylene eyanol i n  

formamide) 

• loading buffer: (For 1 ml: D issolve 625 f..l.l formamide/BBIXC stock, 2 1 2.5 III of 

formaldehyde, 1 25 III MSE, and 5 III ethidium bromide. Use at min imum ratio of 2 (load 

buffer) : 1  (RNA) 



Materials and Methods 

• G ibco SRL 0.24 to 9.5 Kb RNA Ladder (Ufe Technologies) 
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Total and Poly (At RNA were resolved by formaldehyde agarose gel electrophoresis in a 

Bio-Rad DNA Sub Cell™ (225 cm2 gel bed; 100 mL volume). The 1 % (w/v) agarose gel 

solution was made by adding 95 mL of 1 X MSE to 1 g of agarose. The weight of the 

flask and contents noted, the gel mix heated to dissolve the agarose, the flask reweighed 

and any water that had evaporated replaced. The gel solution was then cooled to ca. 55°C 

in a water bath, taken to a fume hood and 5 mL of 37 % (v/v) formaldehyde added and the 

solution poured into the gel forming apparatus. After the gel had set, running buffer was 

added to the gel apparatus and the RNA samples loaded. 

Typically 40 Ilg of total RNA or 1 to 1 .5 Ilg of Poly (At RNA was loaded into each gel 

well. If the concentration of RNA in a sample was too dilute, it was concentrated by 

aliquotting the required amount of RNA into a microfuge tube, snap-freezing in liquid air 
and lyophilising in a SpeedVac to a volume of  10  ilL or less. Twenty ilL of RNA loading 

buffer was then added to each sample of RNA, including the GIBCO BRL 0 .24 - 9 .5  Kb 

RNA Ladder (Life Technologies), the RNA denatured at 65°C for 1 5  min, cooled on ice 

for 2 min, and then loaded into the wells. 

Electrophoresis was conducted at 80 V for 5 h, after which the gels were visualized using a 

short-wave (340 nm) UV transilluminator, the distance the molecular weight markers 

migrated marked and the gels photographed either digitally with an Alpha lmager 2000 

Documentation and Analysis System or by with a Polaroid Land Camera using Polaroid 

667 fIlm. The RNA was then transferred to a Hybond-N+ membrane either for 4 h in 

alkaline conditions (section 2.3 .7 .2) or overnight in 10 X SSPE (section 2 .3 .7 .3) .  

2.3. 7.2 Northern (capillary) blotting by downward alkaline transfer 

Reagents: 

• Neutralisation solution: (0. 1  M Na2P04.2H20, pH  7.2) 

• Transfer solution (pH 1 1 .4-1 1 .45): (3 M NaCI, 8 mM NaOH) 

RNA was transferred to a Hybond-N+ membrane by the downward alkaline capillary 

method of Chomczynski ( 1 992) as described for S outhern blotting of  genomic DNA 

(section 2 .3 .4.4) , except there was no pretreatment of the gel in depurination or 



Materials and Methods 89 

denaturation solutions, transfer was carried out for no longer than 4 h, the membrane was 

incubated in neutralisation solution for 10  min, and stored moist at 4 QC until required. 

2.3. 7.3 Northern (capillary) blotting by downward SSPE transfer 

Reagents: 

• 1 0  X SSPE: (0. 1  M NaH2P04, p H  7.7, 1 .8 M NaCl ,  1 0  mM E DTA). 

RNA was also transferred to Hybond-N+ using the method described in section 2 . 3 .4.4, 

except the transfer solution was changed to 10 X SSPE pH 7.7 and the transfer time 

extended from 4 h to overnight. After transfer, the membrane was immediately placed 

DNA side up on 3MM paper and DV cross-linked using the autocross-link function of a 

UV Stratalinker. The membrane was then stored dry until required. 
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3. RESULTS 

3.1 Stolon growth of white clover 

Plants of white clover (genotype l OF, cv. Grasslands Challenge) grown by the method of 

Butcher ( 1 997) (section 2. 1 . 3 .2), produced sto10ns that, at harvest time, possessed leaf 

tissue representing all stages of development from leaf initiation, through maturation to 

senescence (Figure BA). In the current study, leaves at nodes 1 to 1 6  (designated leaves 1 

to 1 6) were used for analysis. Leaf 1 represents the first apical leaf whose leaflets remain 

folded but which is clearly separated from the apex by a horizontal petiole, while leaf 1 6  

represents the most chlorotic leaf examined. 

The growing method used produced a highly reproducible pattern of leaf development 

along the st010n. This is indicated by the consistent change in fresh weight found for leaves 

along the sto10n in two independent harvests (Figure 14A and B) .  The weights of the 

newly initiated leaves were low (leaf 1 ,  ca. 0.05 g) but increased to between 0.35 to 0.3 8  g 

at leaves 6 to 7. The weights o f leaves 7 to 1 0  remained similar (between 0.35 and 0.38 g). 

In leaves 1 1  to 14, the fresh weight of the tissue increased further to 0.42 to 0.45 g, before 

declining again at leaves 15  and 1 6  . 

3.2 Chlorophyl l  content of leaf tissue during leaf initiation, 

maturation and senescence of white clover 

In this study, the onset of leaf senescence was determined both visually (initial yellowing at 

leaf margins) and, more accurately, by quantification of chlorophyll loss (section 2.2.2) 

since chlorosis is thought to be an early event in the senescence syndrome (Thomas and 

Stoddard, 1 980). Changes in leaf chlorophyll content of a typical harvest are presented in 

Figure 1 3B .  Chlorophyll concentration increased as newly initiated tissue unfolded and 

expanded, from 877 Ilg g'} FW at leaf 1 to a plateau of between 1 590 to 1 650 Ilg g.l FW at 

leaves 4 to 8 (designated the mature green stage). Typically leaves 9 to 1 1  were the first to 

display visual signs of chlorosis ( yellowing at leaf margins), designated in this study as the 

onset of the senescence stage. The chlorophyll concentration of the tissue then declined 

further as the tissue aged (leaves 1 2  to 1 6; designated the senescent stage) to a level of ca. 

400 Ilg g.1 FW. 
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Figure 1 3. Chlorophyll concentration as an indicator of senescence 

A. An individual stolon containing leaf tissue at various stages of development and 

senescence. 

B.  Chlorophyll concentration of the leaves. 

C.  Ratio of chlorophyll a :b.  

Where indicated the error bars are ± 1 sem from leaves of 1 2  independent stolons. 

(--e--) Total chlorophyll (-----) Chlorophyll a (--... --) Chlorophyll b 
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Figure 1 4. F resh weights of leaves of white clover during leaf ontogeny. 
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A. (--.--) Fresh weight of leaf tissue harvested in November 1 995 (Greenhouse 9). 
Error bars = ± 1 sem for leaves of 97 stolons. 
(--e--) Chlorophyll concentration of leaves of this harvest. 
Error bars = ± 1 sem for leaves of 1 2  stolons. 

B .  (--.--) Fresh weight of leaf tissue harvested i n  December 1 995 (Greenhouse 8). 
Error bars = ± 1 sem for leaves of 93 stolons. 
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Partitioning of total chlorophyll into its two components a and b showed that 

approximately 75 % of the chlorophyll being measured was chlorophyll a and 25 % 

chlorophyll b (Figure 1 3B). As the tissue aged, chlorophyll a was degraded slightly faster 

than chlorophyll b indicated by a consistent but slight decrease in the ratio of chlorophyll 

a:b from 3 . 1 8  at leaf 4 to 2.99 at leaf 16  (Figure 13C ). A preferential loss of chlorophyll a 
in senescing (yellowing) leaf tissue has been reported in a study of 25 deciduous plants 

(Wolf, 1956, cited in Butcher, 1 997), but not for the monocots Lolium temulentum 
(Thomas, 1 990) or wheat (Ferguson et al., 1993) where chlorophyll b is preferentially 

degraded. 

3.3 Changes in evolved ethylene during leaf initiation,  maturation 

and senescence of white clover 

Ethylene evolution of attached leaves of white clover was measured (section 2.2.5 . 1 )  and 

found to be highest both in newly initiated and chlorotic leaf tissue (Figure 1 5) .  The newly 

initiated tissue evolved ethylene at 0.7 nL g-l FW h- ! .  Ethylene evolution then declined, as 

the leaves increased in fresh weight from ca. 0. 14 to 0.3 g (leaves 2 to 4), to a low basal 

level of ca. 0.25 nL g-l FW h-1 at the mature green stage (leaves 4 to 9).  The second 

increase in ethylene evolution of leaves 1 1  to 1 6  was observed after chlorophyll levels had 

begun to decline (leaf 10),  so that by leaf 1 6, ethylene levels being evolved were ca.7-fold 

greater (2.05 nL g-l FW h-1) than that from mature green tissue. These values are 

consistent with those reported by Butcher ( 1 997) 

3.4 Chan ges in ACC content during leaf initiation, maturation and 

senescen ce of white clover 

ACC levels remained comparatively low (30 to 45 pmol g-l FW) in newly initiated and 

mature green leaf tissue (leaves 1 to 8) (Figure 1 6) .  At leaf 9, (designated the onset of 

chlorosis by visual analysis), the level of ACC in the leaf tissue began to increase, and this 

increase continued so that by leaf 1 6, the level of ACC measured was 1 590 pmol g-l FW. 
The increase in ACC levels was co-incident with the rise in measured ethylene evolution. 
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Figure 1 5. Ethylene evolution and chlorophyll content in leaves at nodes 1 to 16 .  

(-----) Ethylene evolution from individual attached leaves. 
Error bars = ± 1 sem for leaves of 6 stolons. 
(--.--) Total chlorophyll of leaves used for ethylene evolution .  
Error bars = ± 1 sem for leaves of 12  stolons. 
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F igure 1 6. ACC content, and ethylene evolution during leaf ontogeny 

(-----) ACC content. 
Error bars = ± 1 sem for 3 independent experiments. 
(--e--) Ethylene evolution from leaves. 
Error bars = ± 1 sem for leaves of 6 stolons. 
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ACC was measured by a method that relies on the chemical conversion of ethanolic­

extracted ACC to ethylene (Lizada and Yang, 1 979).  Since the publication of the Lizada 

and Yang method, further studies have shown that the assay is subject to interference by 

phenolics (Sitrit, 1 988) ,  mono and dialkyl amines (Nieder, et al. , 1 986), ethanol and other 

unidentified substances (Bufler and Mor, 1 980).  Using a paper chromatographic method, 

Bufler and Mor reported that unidentified compound(s) in senescing flower extracts of 

carnations led to a 50-fold overestimation of ACC content. In this thesis, therefore, paper 

chromatography was also used to confIrm the specificity of the Lizada and Yang ( 1 979) 

assay for the measurement of ACC content in leaf extracts of white clover. 

The ability of the paper chromatographic technique to accurately quantitate known 

concentrations of ACC was examined initially. This was accomplished by fractionating 

authentic ACC (between 500 and 2500 pmol; dissolved in water) and then eluting the 

resolved ACC from the paper and assaying it by the method of Lizada and Yang ( 1 979) . 

Using this method, a linear and quantitative recovery of approximately 60 % of the ACC 

applied was achieved (Figure 17) .  

The paper chromatographic method was then used to fractionate the putative ACC ill 

mature green and senescent extracts prior to elution, and assay by the method of Lizada 

and Yang ( 1979) (Figure 1 8) .  The tissue extracts that were examined for ACC content 

included those from mature green leaves, mature green leaves after a 2 .5  h wounding 

treatment, senescent leaves, senescent leaves extracted together with authentic ACC, and 

authentic ACC dissolved in water. 

All the elutions from the lane where the mature green tissue extract was fractionated 

produced very little ethylene upon oxidation (2 to 1 4  pmol g-l FW) . In contrast, elutions 

from the lane where the senescent extract had been fractionated produced comparatively 

higher amounts of ethylene at two distinct regions on the paper chromatogram. The first 

region produced the greatest amount of ethylene ( 1778 pmol g- l FW) and arose from a 

substance that had relatively low mobility in the paper chromatography system (Rf 0.32). 

The second region (Rf 0.49) produced approximately 3-fold less ethylene (740 pmoi g-l 

FW) , but this region was closer to where authentic ACC (dissolved in water) was found to 

resolve to (Rf, 0.59) .  Of the 10000 pmoies of this authentic ACC applied to the paper 

chromatogram, ca. 8 100 pmol was recovered after elution and assay, representing a 

recovery rate of ca. 80 %. The recovery rate was probably higher than reported in the 
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Different amounts of authentic ACC (dissolved in water) were resolved by paper 

chromatography then eluted, and assayed by the method of Lizada and Yang ( 1 979). 

The number of m oles added to the paper chromatogram is compared with the number of 

moles detected and the percentage recovery calculated. 

(-----) n mo! ACC detected. (--.--) % recovery. 
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preliminary experiment (ca. 60 % ;  Figure 17 )  due to the elution from this chromatography 

of a larger area of the lane in which the ACC was resolved. 

To determine whether the difference in mobility between authentic ACC (Rf 0 .59) and the 

Rf 0.49 peak in the senescent extract was due to substances retarding the movement of 

endogenous AeC in the paper chromatogram, a known amount of authentic ACe ( 1 2  

nmol) was extracted together with the senescent material and resolved o n  the paper 

chromatogram. Separation of the senescent extract with no added authentic ACC, 

produced two peaks of ethylene production at Rr 0.32 and Rr 0.49. Addition of authentic 

ACe to the senescent extract did not result in greater levels of ethylene being detected at 

the region where ethylene production was highest (Rr 0.32) .  However, an extra 465 pmol 

g-l FW of ethylene was detected at Rr 0.49 which was the region closest to where authentic 

ACC (dissolved in water) resolves to (Rr 0.59) .  Given the probable losses of ACe during 

extraction, elution and assay, it is likely that this value (465 pmol g- l FW) is representative 

of the 900 pmol of ACC that would be expected if 1 00 % recovery had been achieved. 

Furthermore, as the region was at Rr 0.49, not Rf 0.59, it appears that during the 

chromatographic separation the mobility of the putative ACe is being retarded by 

components (possibly pigments) present in the senescent extract. This is further suggested 

by the fInding that only a comparatively small amount of ethylene (50 pmol g-l FW) is 

evolved at Rf 0.59.  

An additional approach to determine the specifIcity of the Lizada and Yang method for 

ACC involved wounding mature green leaves to elevate levels of endogenous ACe, as 

wounding has been shown to elevate ACC levels in other tissues (Yu and Yang, 1 980) . 

Leaves were harvested 2.5 h after wounding as this is the time of maximal wound ethylene 

production; refer Figure 6 1 ) .  Extracts of both wounded and non-wounded leaves were 

then partitioned by paper chromatography and regions of the chromatogram assayed for 

ethylene evolution (Figure 1 8) .  In contrast to the mature green extract which produced 

only low levels of ethylene from anywhere within the fractionated lane (2 to 1 4  pmol g-l 

FW), the wounded mature green leaf tissue produced comparatively high levels of ethylene 

( 1 60 pmol g-l FW) at Rr 0.32. This was not the region (Rr 0.49) of the chromatogram 

where it was concluded that ACC in the senescent extract separated to (judged by the 

mobility of authentic ACC in senescent extract), or where authentic ACe separated to. 

However, since it was the same region which produced the most ethylene in the senescent 

extract after elution and assay, it was concluded that the ethylene was non-ACC derived. 
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Figure 1 8. Specificity of Lizada and Yang method for determination of tissue ACe 

content 

Leaf-tissue extracts as well as an ACC-standard were fractionated by paper 

ch romatography, and regions of the ch romatogram assayed for ethylene production. 

A. Paper chromatogram after separation of the extracts overnight. 

Lane 1 .  Fractionation of 9900 pmol of authentic ACC in water. 

Lane 2. F ractionation of the extract produced by extracti n g  senescent leaves 

together 

with authentic ACC. 

Lan e  3. Fractionation of the senescent leaf extract. 

Lane 4 .  Fractionation of the extract of wounded matu re g reen leaves. 

Lane 5 .  Fractionation of the mature green leaf extract. 

B. The amou nt of ethylene p roduced from regions of the chromatogram after 

fractionation of the extracts. 

2 

(--0--) Authentic ACC dissolved i n  water; (- -e- -) Senescent leaves extracted 

together with a uthentic ACC; (--.. --) Senescent leaf extract; (- - . - -) Extract of 

wounded matu re green leaves; ( --+--) Mature green leaf extract. 
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A similar amount of ethylene production ( 1 56 pmol g-l FW) was observed at a position (Rf 

0.55) .  This may represent the region at which endogenous ACC in the mature green 

extract resolved to, as the nature of the retarding substance(s) in this extract may differ 

from that in the senescent extract. However, addition of authentic ACC to the wounded 

mature green extract would be needed to show this unequivocally. 

The results of the paper chromatography experiments do support the trend determined by 

the Lizada and Yang method in which ACC levels are higher in the chlorotic leaf tissue 

than mature green. Therefore, the higher levels of ethylene being evolved from this tissue 

are probably due to greater activity of the ACC-mediated biosynthetic pathway. Yet, there 

are no reports on the changes in activity (in vivo or in vitro) of either ACC synthase or 

ACC oxidase during leaf maturation and senescence. 

The next section examines changes in ACC oxidase activity, assayed in vitro, during leaf 

maturation (leaves 4 to 8) and senescence (leaves 9 to 16) in the model system. 

3.5 Changes in activity of ACC oxidase duri ng leaf maturation and 

senescence of white clover 

3.5.1 Optim isation of ACC oxidase extraction and assay in vitro 

A series of experiments were performed to characterise aspects of the extraction and assay 

of ACC oxidase in mature green tissue prior to examining enzyme activity during leaf 

maturation and senescence. This was useful as maximising the amount of activity per unit 

fresh weight reduces the requirement for large amounts of tissue which can be a limiting 

factor, and identifying factors important for activity will also identify aspects of the assay 

that may need to be tightly controlled in order to obtain reproducible results. 

Initial attempts at measuring ACC oxidase activity in a crude tissue homogenate of mature 

green leaf tissue of white clover failed. However, activity could be measured after passage 

of the crude tissue homogenate through Sephadex 0-25 (as described in section 2.2.7 . 1 . 1 )  

which suggested that there may be putative low molecular weight inhibitors (MW < 5000) 

present in the crude extract of the leaf tissue (data not shown). 

The linearity of the ACC oxidase catalysed reaction was examined because the initial rate 

of an enzymatic reaction can only be accurately determined if the accumulation of product 

is linear during the time period the enzyme is measured. Production of ethylene by Ace 
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oxidase activity in vitro was found to be linear within the first 20 min (Figure 1 9A) after 

which activity decreased with a half life of 22 rnin (Figure 1 9B). 

To further confirm that an assay time of 20 min enabled an accurate measure of the initial 

rate of ACC oxidase activity, the mature green tissue extract was diluted to provide a series 

of concentrations from 1 .04 mg mL-1 protein to 0. 1 3  mg mL-1and then assayed for activity 

(Figure 1 9c). The highest concentration ( 1 .04 mg mL-1 ) represented the protein 

concentration typically obtained when the mature green tissue was extracted with two 

volumes of extractant per gram fresh weight (section 2.2.7. 1 . 1 ) .  The lowest concentration 

(0. 1 3  mg mL-1 ) represents an ca. 8-fold dilution of this concentration. It was found that 

within the range of 0_ 1 3  to 1 .04 mg mL-1 protein, activity remained proportional to protein 

concentration. This suggests firstly, that 20 min enabled an accurate measure of the initial 

rate of activity and secondly, that even if the protein concentration of mature green tissue 

extracts was diluted 8-fold from that normally obtained by the standard extraction 

procedure, the activity remained proportional and therefore comparable. Henceforth, a 

reaction time of 20 min was used for all subsequent assays. 

ACC oxidase activity could be increased 5-fold by shaking the enzyme/ reaction mix at 1 75 

rpm during the incubation at 30°C for 20 min when compared with a static incubation 

(Figure 20A). However, more vigorous mixing (vortexing) did not increase enzyme 

activity, but rather reduced it. This reduction was as great as 50 % if the enzyme/ reaction 

mix was vortexed prior to the 20 min incubation time at 30°C (with shaking at 1 75 rpm) 

(Figure 20B). 

Ageing of the reaction mix (i.e. storing for use in multiple serial assays) was also examined 

to determine if it would affect enzyme activity. This was considered necessary as the 

reaction mix did not appear to be stable (as judged by the fading of the pink coloration of 

the freshly prepared mix with time). The reaction mix was preincubated for different times 

for up to 1 h at 30°C, prior to addition of the enzyme extract and subsequent assay (which 

involved a further incubation at 30°C for 20 min). It was found that the reaction mix could 

be preincubated at 30 °C for up to 30 rnin without a reduction in detectable ACC oxidase 

activity upon subsequent assay (Figure 20C). However, addition of enzyme to a reaction 

solution preincubated at 30°C for 45 and 60 min resulted in a decrease in activity of 30 and 

35 % respectively. 
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Figure 1 9. Time course of ACC oxidase activity and effect of extract concentration 

on ACC oxidase activity measured in vitro. 

A. Linearity of ACC oxidase activity with time.  

B. Half-l ife of ACC oxidase activity during incubation . The rate per unit 5 min was 

calculated over  times spanning 60 min and plotted as residual ACe oxidase activity. 

C. Correlation between concentration of enzyme extract (mg mL-1 protein) and amount 

of ethylene produced by the ACC oxidase assay. 
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Figure 20. Optimisation of ACC oxidase activity measured in vitro. 

A. Effect of shaking the enzyme/ substrate mix on ACC oxidase activity. After addition 

of the enzyme to the substrate mix the reaction was either i ncubated with shaking at 

1 75 rpm (shaken)  or i ncubated without shaking (static). 

B. Effect of vortexing the enzyme substrate mix on ACC oxidase activity. After addition 

of the enzyme to the substrate mix, the reaction was either not vortexed before 

incubation (none) , was vortexed 5s prior to incubation at 30°C (start), vortexed both 

prior to and after incubation at 30°C (start! end),  or vortexed after i ncubation (end ) .  

Error bars = ± 1 s e m  for 3 internal repl icates of 4 independent experiments .  

C. Effect of preincubating substrate mix at 30°C before addition of enzyme extract. 

Activity was m easu red after a further incubation time of 20 min.  

Error bars = ± 1 sem for 3 internal repl icates of 2 independent experiments. 
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To determine the importance of extraction time on obtaining maximum and reproducible 

ACC oxidase activity, pooled mature green leaf tissue was extracted for different times 

over a 1 h time period and the activity compared (Figure 2 1 ). Expression of ACC oxidase 

activity on both a fresh weight (Figure 2 1A) and protein basis (Figure 2 1 B), indicated that 

an extraction time of 15 min was sufficient to recover most of the enzyme. 

The optimum pH for ACC oxidase activity of mature green leaves assayed in vitro was 

found to be pH 7.5 (Figure 22). Activity at pH 6.5 and 8.5 was only 64 % and 62 %, 

respectively, of that obtainable at pH 7 .5 .  

The effect of the freeze-thaw process on ACC oxidase activity was examined as, for 

convenience, the enzyme extracts were to be snap-frozen in liquid air and stored at -80°C. 

When mature green extracts of leaf tissue were pooled, aliquotted into separate microfuge 

tubes, snap-frozen in liquid air and then quick-thawed at 30°C, the activity of the enzyme 

was reduced by less than 10 % (Figure 23). 

The composition of the extraction medium was tested for its ability to recover maximal 

yields of ACC oxidase activity as the literature suggested that a number of additions to the 

Tris-glycerol buffer (used originally by Ververidis and John ( 199 1)  to extract activity from 

melon fruit) could improve recovery. The recovery achieved by the addition of various 

components to the extraction buffer was compared to that achieved by a buffer chosen 

from a consensus of published studies (0. 1  M Tris-HCl, pH 7.5,  2 mM DTT, 2 % (w/v) 

PVPP and 10  % (v/v) glycerol) (Figure 24). The Tris-glycerol buffer of Ververidis and 

John was comparatively poor at recovering ACC oxidase activity in leaf tissue o f  white 

clover (only 40 % of that obtainable with the above buffer), while inclusion of DTT and 

sodium ascorbate appeared to be important for maximum recovery of activity. PVPP was 

not found to increase recovery of ACC oxidase. In contrast, its presence in the extraction 

buffer was slightly inhibitory and therefore it was subsequently omitted. The composition 

of the extraction buffer that gave maximum recovery of ACC oxidase from leaf tissue of 

white clover was 0. 1 M Tris-HCl, pH 7.5, 2 mM DTT, 30 mM ascorbate, and 10  % (v/v) 

glycerol, and this buffer was used for all further experiments . 
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Figure 21 . Effect of extraction time on ACC oxidase activity. 
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Mature g reen leaves were extracted for various times up to 1 h and assayed for ACe 

oxidase activity in vitro. 

A. Activity expressed on a per unit fresh weight basis. 

B. Activity expressed on a per unit protein basis. 

Error bars = ± 1 sem for 3 internal replicates. 
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Figure 23. Effect of freezel thaw on ACe oxidase activity. 
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Extracts of mature g reen leaves were snap-frozen in liquid N2, thawed at 30°C, 

immediately placed on ice and then assayed together with samples that had remained 

on ice. 

Error bars = ± 1 sem for 3 internal replicates of 4 independent experiments. 
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The effect of various extraction mediums on recovery of ACC oxidase activity measured 

in vitro from mature green leaves. The concentration of the components were as 

fol lows: 0.1  M Tris-HCI, pH 7.5, 2 mM OTT, 2 % (w/v) PVPP, 1 0  ok (vlv) glycerol ,  30 m M  

sodiu m  ascorbate, 2 0  J.LM i ron sulphate, 3 0  mM sodium bicarbonate, 0 . 1  % (v/v) Triton 

X-1 00. 

Error bars = ± 1 sem for 3 internal replicates of 3 independent experiments. 
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3.6 Activity of ACC oxidase during leaf maturation and 

senescence of white clover 

1 1 1  

The previous section identified aspects of the extraction and assay that were important 

detenninants of reproducibility and yield of ACC oxidase activity in vitro from leaf tissue 

of white clover. This section now examines changes in activity in vitro of ACC oxidase 

during leaf maturation and senescence in the model system. 

Mature green (pooled leaves, 4 to 7), onset (pooled leaves, 9 to 1 1) and senescent (pooled 

leaves, 1 3  to 1 6) leaf tissue was powdered in liquid N2 , each developmental stage divided 

in half, and each half extracted and assayed in parallel for activity. 

ACC oxidase activity was highest in the pooled mature green leaf tissue, lower in tissue 

starting to show symptoms of chlorosis and lowest in tissue at an advanced stage of 

chlorosis, irrespective of whether expressed on a per unit fresh weight or protein basis 

(Figure 25). Although, the decline in activity as the tissue became chlorotic was greatest 

when expressed on a per unit fresh weight basis (6-fold; Figure 25A) as compared to per 

unit protein (2-fold; Figure 25B). The parallel extraction and assay gave very similar 

results confIrming both the reliability of the extraction and assay. 

The stability of ACC oxidase was assessed as ACC oxidases extracted from other plant 

tissue have been reported to lose activity upon storage at 2 °C for 5 h (Femandez-Maculet 

and Yang, 1992). To detennine the stability of ACC oxidase, extracts were incubated on 

ice for 3 h before being re-assayed (Figure 25). Detectable ACC oxidase activity did not 

change in extracts of leaf tissue at the mature green or onset stage after a 3 h incubation on 

ice. In contrast, the activity from the extracts of leaf tissue at the senescent stage decreased 

by about 43% which suggested that ACC oxidase was less stable in these extracts. 

ACC oxidase activity was then examined in individual leaves from nodes 4 to 1 6  of the 

model system (Figure 26) . Activity was highest in mature green leaves (leaves 4 to 9) 

when expressed either on a per unit fresh weight (Figure 26A) or per unit protein basis 

(Figure 26B) compared with chlorotic leaves (leaves 10 to 1 6). The decline in activity in 

leaves was concomitant with chlorophyll loss in the tissue and was greater when expressed 

on a per unit fresh weight basis (8-fold; from leaf 8 to leaf 1 6) as compared with a per unit 

protein basis (3-fold). 
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Figure 25. Activity of ACC oxidase in leaves at mature green, onset and chlorotic 

stages, and after a 3 h storage on ice. 

Parallel extractions and assays were performed as a measure of the reliability of the 

procedures and determinations for both are included. 

IB Activity measured initially. � Activity after a 3 h incubation on ice. 

A. . ACC oxidase activity in leaves expressed on a per unit fresh weight basis. 

B.  ACC oxidase activity in  leaves expressed on a per unit protein basis. 

Error bars = ± 1 sem for triplicate measurements of a single experiment. 
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Figure 26. Activity of ACC oxidase at individual nodes in mature and senescing 

leaves 

A. (-e--) Activity expressed on a per unit fresh weight basis. 

(-----) Total chlorophyll content measured in the same leaves. 

B. (-e--) Activity expressed on a per unit protein basis. 

Error bars = ± 1 sem for triplicate measurements of 3 independent experiments. 
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Since it has been suggested in the literature that ACC oxidase activity is often controlled at 

the level of gene transcription (see section 1 .4.5), a study of ACC oxidase gene expression 

during leaf maturation and senescence in white clover was initiated. The main aim was to 

determine whether ACC oxidase gene expression supported the observed changes in ACC 

oxidase activity in vitro. 

3.7 Gene expression of ACe oxidase during leaf maturation and 

senescence of white clover. 

Initially, putative ACC oxidase cDNA sequences of leaf tissue were generated by the 

reverse transcriptase-polymerase chain reaction (RT-PCR) by Dr. Michael T. McManus at 

the University of California, Davis using RNA isolated by Dr. Stephen Butcher, and 

primers provided by Professor Shang Fa Yang. T A-cloning of these sequences yielded 

twelve colonies which were subsequently brought back to New Zealand for further analysis 

as part of this thesis. 

3.7.1 Confirmation of putative ACC oxidase sequences by manual 
sequencing 

Bacteria from nine of these twelve colonies were grown overnight, their plasrnids isolated 

by alkaline lysis, column purified, and their inserts (of ca. 840 bp) sequenced with both 

forward and reverse M13  Universal Primers. Approximately 200 to 300 bp at each end of 

the putative ACC oxidase inserts were sequenced manually (section 2.3 .3.2).  An alignment 

comparison of all nine sequences generated by RT-PCR revealed that they shared greater 

than 94 % similarity in their nucleotide composition (Table 5) .  In this study, sequences 

amplified by RT -PCR that showed greater than 94 % similarity were considered to be 

representative of the same gene transcript, as errors in the sequence are produced during 

both generation and identification of PCR sequences. For example, errors can occur both 

during fIrst strand synthesis of cDNA by reverse transcriptase, during peR by the DNA 

polymerases and by the DNA polymerase during sequencing. The consensus sequence 

generated by RT-PCR from RNA of mature green leaf tissue of white clover showed 

greatest sequence identity (> 75 %) to ACC oxidases identified from other organisms in the 

GenBank database and was therefore designated TR-AC0 1 (data not shown). 
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Table 5. Percentage homology comparison of sequences amplified from mature 

green leaves of white clover by RT -PCR and designated TR-AC01 . 

Sequences were aligned using the Align+ program and the percentage homologies 

compared to the sequence designated TR-AC01 . 

Sequence bp sequ enced % homology 

1 -264 

1 -274 98 

1 -278 95 

1 -270 95 

1 -299 98 

1 -285 96 

1 -277 95 

1 -269 95 

1 -270 96 
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3.7.2 RT-PCR amplification of putative ACC-oxidase gene transcripts 

RT -PCR (section 2.3 .6) performed on RNA extracted from mature green leaf tissue 

identified a single isoenzyme of ACC oxidase. There may have been other isoenzymes in 

the mature green tissue that were missed due to the low number of transformants screened. 

In addition, there may have been isoenzymes in white clover leaf tissue that were missed 

due to being expressed in chlorotic tissue, and so it was considered important to repeat the 

PCR. Total RNA was extracted from mature green (leaf 4), onset of chlorosis (leaf 9) and 

chlorotic (leaf 14) leaves. Putative sequences of ACC oxidase were then amplified from 

the RNA by RT-PCR using nested degenerate primers (see Figure 1 0) made to conserved 

domains among ACC oxidase sequences and known to amplify a product of ca. 840 bp. 

The first round primers (ACOFI and ACORI )  generated a cDNA fragment during PCR of 

the expected size (ca. 840 bp) from all three RT reactions (Figure 27 A). An aliquot from 

each of the fIrst round PCR mixes was then used as a template for amplification with the 

second round primers (E lOI  and E I 02; Figure IQ). Amplification with these second round 

primers further increased the amount of the ca. 840 bp product in each of the mixes (data 

not shown). The amplified products from all three PCR mixes (representative of leaves 4, 

9, and 14) were then individually TA-cloned into the pCR 2. 1 vector and transformed into 

E. coli DH-5cx.. Subsequently, the plasrnids were isolated by alkaline lysis and checked for 

the presence of the ca. 840 bp insert by restriction digestion (Figure 27B). The ca. 840 bp 

insert from a selection of clones (representative of nodes 4, 9, and 14) was then sequenced 

using an automated DNA sequencer. 

3.7.3 Confirmation of putative ACC oxidase gene transcripts by sequence 
analysis 

A total of 16 clones was sequenced: four (leaf 4), six (leaf 9), and six (leaf 1 4) .  Some of 

these sequences showed no homology to anything in the GenBank database and were 

discarded, while others showed highest sequence homology with ACC oxidase sequences 

and were then compared by alignment. 

An alignment comparison revealed that the sequences could be separated into two distinct 

groups. Each of the sequences within a group showed greater than 94 % homology and so 

both groups were considered to represent two distinct cDNA products. One of the cDNA 

products had the same sequence as TR-ACOl identified earlier (Figure 28), the other 

cDNA product did not and so was designated TR-AC02 (Figure 29). 



Results 1 17 

TR-AC02 was the predominant cDNA sequence amplified from leaves in this study. Ten 

out of 1 3  sequences (three of the 1 6  sequences showed no homology to anything in the 

database) were TR-AC02 sequences while only three were TR-ACO l (two from leaf 4, 

(mature green), and one from leaf 14, (chlorotic)). It appears then, that both sequences are 

able to be generated by RT-PCR in both mature green and chlorotic leaf tissue. Rather 

than screen more clones for the presence of additional isoenzymes of ACC oxidase, the 

decision was made to focus further work on the analysis of TR-ACOl and TR-AC02. 

TR-ACOl is 84 % homologous to TR-AC02 at the nucleotide level (Figure 30) and 87 % 

identical at the amino acid level (Figure 3 1 ) .  TR-ACO l (804 bp) is shorter than TR-AC02 

(8 1 6  bp) by 12 bp due to a deletion at nucleotides 724 to 736 of TR-AC02, a region 

shown to be highly variable among ACC oxidases (Figure 3 1 ). 

Both TR-ACO l and TR-AC02 contain the amino acids hitherto shown to be important for 

maximal activity of the enzyme by structure function analysis (refer Figure 28 and 29) 

(Kadyrzhanova et al., 1997). These include the lysine residues at positions 158 ,  230, 1 99 

and a fourth residue that varies slightly in position in TR-ACO l and TR-AC02. It occurs 

at position 289 in TR-ACO l and 293 in TR-AC02. Other residues also shown to be 

important for maximal activity are the histidine residue at position 39, the cysteine residue 

at position 1 65 ,  and the putative Fe ligands (Histidine177 [H177] , Aspartatel 79 [DI79] ,  and 

Histidine234 [H234])  which have been shown to be essential for activity. The presence of 

these residues in TR-ACO l and TR-AC02 strongly suggest that both transcripts encode 

functional ACC oxidases. 

A phylogenetic tree constructed from an alignment of TR-ACOl and 2 with eighteen other 

ACC oxidases and two other 2-0DDs (flavanone-3-hydroxylase and isopenicillin-N­

synthetase) clustered TR-ACO l and 2 with ACC oxidases within a single branch of a 

trifurcating tree (Figure 32). This is further evidence for TR-ACO l and 2 representing 

authentic ACC oxidase sequences. The tree also suggests that the senescence-associated 

TR-AC02 is more similar to TR-ACO l than to other senescence-associated ACC oxidases 

(LE-ACOl of tomato, Barry et al., 1996; and CM-ACOl of melon, Lasserre et al., 1 997) 

characterised thus far. 
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Figure 27. First round PCR amplification of putative ACC oxidase cDNA sequences 

and restriction digests of plasmids cloned with these sequences. 

A. RT-PCR with first round primers on RNA extracted from leaves 4, 9, and 14 .  

Lane 1 .  Gibco BRL 1 Kb DNA Ladder. The molecular weight of  the standards is 

indicated to the left of the figure. The size of the amplified cDNA fragment is indicated by 

an arrow to the right of the figu re .  

Lane 2 .  20  J.lL  of 1 00 �lL PCR of  leaf 4 RT mix, 333 nM ACOF1 , 333 nM ACOR1 . 

Lane 3 .  20 J.lL of 1 00 J.lL PCR of leaf 9 RT mix, 333 nM ACOF1 , 333 nM ACOR 1 . 

Lane 4. 20 J.lL of 1 00 J.lL PCR of leaf 1 4  RT mix, 333 nM ACOF1 , 333 nM ACOR1 . 

B. Restriction digestion of isolated plasmids to confirm presence of ca. 840 bp cDNA 

fragment. 

Lane 1 .  Gibco BRL 1 Kb DNA Ladder. The size of the amplified cDNA fragment (ca. 840 

bp) is indicated by an arrow to the right of the figure. 

Lanes 2 to 1 1 . Restriction digest of plasmids isolated from E. coli to confirm cloning of 

the ca. 840 bp cDNA fragment. 
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Figure 28. Nucleotide and deduced amino acid sequence of TR-AC01 

The sequences of the primers used for first round (ACOF1 , ACOR 1 )  and second round 

(E1  0 1 , E1 02) are underl ined. The first cysteine in the sequence is designated at 

position 28 in the sequence as determined by a consensus of published studies. 

Residues shown to be important for maximal enzyme activity by structure function 

analysiS are i ndicated 
num

. The three cysteine residues found to be conserved among 

ACC oxidases are underl ined. The 7 amino acids that are italicised were identified by 

protein  sequencing of the putative TR-AC01 -His tagged fusion protein (see section 

3 . 1 3.4). One letter abbreviations for amino acids: Ala, A; Arg,  R ;  Asp, 0; Cys, C; Gin, Q; 
Glu,  E ;  Gly, G ;  H is,  H; l ieu, I; Leu, L; Lys, K; Met, M; Phe, F; Pro, P; Ser, S; Thr, T; Trp, 

W; Tyr, Y; Val, V 
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H177 T D179 A  G G I I L L F Q D D K V 5 G L Q L Ll98 

�GAC�GGAG6��TC���GTTqGtcC��GCGTg�pTCCA��GTTG�PAACC,�GGT$.�qCAG 
K199 D D E W  I . D V P P M R H 5 I V V N L G D Q220 

gW9GAG§7�T�q�TG:G�AAAfi.\1AAG�i��GTG�CAC@,Gt.GTGl¥W�GC�d.�c�1:GGA 
L E V I T N G K Y K2305 V E H234 R V I A Q T N G242 

i\g�G�WGTCT�W�GCA:rG.}\TTcW.1¥�cqpgGGM¥�7:GAT@9WGTM\WPTAcpqWGCTqo.�GAA 
T R M 5 I A 5 F Y N P G 5 D A V I Y P A P  E264 

fiIi$TTGG:�CA��CCDTGTGj'!�t;iJcCT�TTT@WGTTTG�GAGT�qATG 
L L E K E T E E  K T N V Y P K F V F E E Y M286 

�GATCtt�%GCTGqWTTG�TTTQ�GCT�§GAA 
K I Y A A L K293F Q A K E 

AARTTYCARGCNAARGAR 
AARGARCCNMGNTTYGA 

E i 02 
ACORi 

Figure 29. Nucleotide and deduced amino acid sequence of TR-AC02 

The sequen ces of the primers used for first round (ACOF1 , ACOR1 ) and second round 

(E1 01 , E1 02) are underlined. The fi rst cysteine in the sequence is designated at 

position 28 in the sequence as determined by a consensus of published studies. 

Residues shown to be important for maximal enzyme activity by structure function 

analysis are indicated 
num

. The three cysteine residues found to be conserved among 

ACC oxidases are underl ined. The nucleotide region which is found to be deleted in TR­

AC01 is indicated (bold, italicised). This region corresponds to a highly variable region 

among ACC oxidases. 



Results 

Reference molecule: TR-AC01 1 - 804 ( 804 bps) Homology 
Sequence 2: TR-AC02 1 - 81 6 ( 8 1 6  bps) 84% 

ACOF1 GAYGCNTGYSANAAYTGGGG 
E101 GCNTGYSANAAYTGGGGHTT 
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TR-ACOl GCATGCGAGAATTGGGGCTTCTTTGAGCTGGTGAATCATGGCATATCTCATGACTTA 

TR-AC02 GCATGCCAGAATTGGGGATTCTTTGAGCTGGTGAATCATGGCATACCTCATGACCTT 

TR-ACOl ATGGACACTGTGGAAAGGTTGACAAAAGAACACTACAGGATATGCATGGAACAAAG 

TR-AC02 ATGGACCAATTGGAGAGATTGACCAAAGAGCACTACAGGAAATGCATGGAGCAGAG 

TR-ACOl ATTCAAGGATTTGGTGGCCAACAAAGGACTAGAGGCTGTTCAAACTGAGGTCAAAG 

TR-AC02 GTTTAAGGAATTGGTATCAAGCAAAGGCTTAGATGCTGTCCAAACTGAGGTCAAAG 

TR-ACOl ACATGGACTGGGAGAGTACCTTCCACTTGCGTCACCTACCTGAGTCAAACATTTCA 

TR-AC02 ATATGGATTGGGAAAGTACCTTCCATGTTCGACATCTCCCTGAATCAAACATTTCA 

TR-ACOl GAGGTCCCTGATCTCACTGATGAATACAGGAAAGCAATGAAGGAATTTGCTTTGAAG 

TR-AC02 GAGCTCCCTGATCTCAGTGATGAATACAGGAAGGTGATGAAGGAATTTTCTTTGAGG 

TR-ACOl CTAGAGAAACTAGCAGAGGAGCTGCTAGACTTATTATGTGAGAATCTTGGACTAGAA 

TR-AC02 TTAGAGAAGCTAGCAGAAGAGCTTTTGGACTTGTTATGTGAGAATCTTGGACTTGAA 

TR-ACOl AAGGGATACCTCAAAAAAGCCTTTTATGGATCAAAGGGACCAACTTTTGGCACCAAG 

TR-AC02 AAAGGTTACCTCAAAAAGGCCTTCTATGGATCAAGAGGACCAACTTTCGGCACCAAG 

TR-ACOl GTTGCAAACTACCCTCCATGCCCAAAACCAGACCTTGTAAAAGGTCTCCGAGCACAC 

TR-AC02 GTAGCCAACTACCCTCAATGCCCTAATCCAGAGCTGGTGAAGGGTCTCCGTGCTCAC 

TR-ACOl ACCGATGCCGGTGGAATAATCCTCCTTTTCCAAGATGACAAAGTCAGTGGCCTTCAG 

TR-AC02 ACCGATGCCGGTGGGATCATCCTTCTCTTCCAGGATGACAAAGTCAGCGGCCTTCAG 

TR-ACOl CTTCTCAAAGATGGTAAATGGGTAGATGTTCCTCCCATGCATCATTCCATTGTCATC 

TR-AC02 CTACTCAAAGACGACGAGTGGATCGATGTTCCCCCAATGCGTCACTCCATTGTTGTC 

TR-ACOl AACCTTGGTGACCAACTCGAGGTAATAACAAATGGTAAGTACAGGAGTGTGGAACAT 

TR-AC02 AACCTTGGTGACCAGCTCGAGGTAATAACAAATGGTAAATATAAGAGTGTGGAGCAC 

TR-ACOl 

TR-AC02 

TR-ACOl 

TR-AC02 

TR-ACOl 

TR-AC02 

TR-ACOl 

TR-AC02 

ACOF2 
CGTGTGATAGCACAAAGTGATGGAACAAGAATGTCCATAGCTTCATTCTACAATCCT 

CGTGTGATAGCACAAACAAATGGAACAAGAATGTCTATAGCATCATTCTACAACCCT 

ACOF4 
GGTAGTGATGCTGTTATCTATCCAGCAACAACATTGATTGAA- - - - - - - - - - - - GAG 

GGAAGTGATGCTGTAATCTACCCTGCTCCAGAATTGTTGGAAAAAGAAACAGAGGAA 

AC04A 
AATAATGAAGTTTACCCAAAATTTGTTTTTGAAGATTACATGAATCTTTATGCTGGA 

AAAACCAATGTGTATCCTAAATTTGTGTTTGAAGAGTACATGAAGATCTATGCTGCT 

TTAAAGTTTCAAGCTAAAGAA 

TTGAAATTTCAAGCTAAGGAA 

AARTTYCARGCNAARGAR E102 
AARGARCCNMGNTTYGAACOF2 

Figure 30. Alignment of coding frame regions of TR-AC01 and TR-AC02 gene 

transcripts. 

TR-AC01 and 2 coding frame sequences were aligned by the Align+ program. Fi rst 

round and second round primers used to generate the sequences are indicated i n  bold. 

Regions differing in homology are highl ighted in grey The position of the primers used 

subsequently for 3'-RACE are indicated (Bold Underlined). 
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Reference molecule: 

Sequence 2: 

Sequence 3: 

TR-AC01 1 - 268 ( 268 aa) Homology 

TR-AC02 1 - 272 ( 272 aa) 87% 

Consensus Seq. 1 - 271 ( 271 aa) 85% 

TR-AC01 A  C t; N W G F F E L V N H G 
TR-AC02A C a N W G F F E L V N H G 
CONS. A C � N W G F F e I v n H G 

122 

TR-AC01 E H Y H I. C M E a R F K 0 L V A N K G L g A V a iF E V � , 
TR-AC02E H Y R K G M E a R F K g L V S S K G L D A V a W E V � 
CONS. e H Y k' � e rn E q r F k � I v � S k 9 I � a v q a e v t 

TR-AC01 D M D W E S T  F H .� R H L P § S N 
TR-AC02 D M O W  E S T  F H V R H L P t; S N 
CONS. D I D W E S T  F f ;1 r H I P v S N 

� � � � � t � � � � 
s e , p D l i d e y 

TR-AC01 R K A M K J; F � � K L E K L A E E L  L 0 L L e E N L G L 
TR-AC02R i< � M K � F S [ g L E K L A E E L  L D L L e E N L G L 
CONS. r e v M k d F � k r I E k L a E e l L d .  L L e E N L G L 

�:::g�!� � � � t � � � : � � � � � � � : � i � � l � � � � g � 
CONS. E k 9 Y L K k a F y G s \is 9 P n F G T K V S N Y P p e p 

TR-AC01 K  P D L V K G L R A H T D A G G 
TR-AC02N P E L V K G L R A H T D A G G 
CONS. kP d I K G L R A H t D A G G 

TR-AC01 L a L L K D "(3 j( W V D V P P M H H S 
TR-AC02L a L L K D D g w .i  0 V P P M � H. S 
CONS. L a L L K D 9 q W � D V P P m r n s 

L L F a D D K V S G 
L L F a o D K V S G 
L L F a D d k V s G 

V 1 N L G 0 a L E 
V Y N L G D a L E 
V V N I G 0 a I E 

TR-AC01 V I T N G K Y R S V � H R V I A a S Q G T R M S 
TR-AC02V I T N G K Y K S V E H R V I A a T  N G T R M S 
CONS. V I T N G k Y K S v m H R V i a a t � G t R M S 

A S F 
A S F 
A S F 

TR-AC01 Y  N P G S 0 A V 
TR-AC02Y N P G S D A V 
CONS. Y N P 9 s 0 a v 

Y P A T  T 1> · · · · · · · · · · · · · · ·  i E E N N If V Y P 
Y P A � � t h E K � * � E k t i v y  P 
Y P a p a I v e k I e a e k " d  ti. . Y.  . .  Y P 

TR-AC01 K F V F E D  Y M N l Y A � � K F a A K E 
TR-AC02K F V F E E Y M � I Y A A L K F a A K E 
CONS. kF V F d P Y M k •...... � Y a 9 I K F a a K E 

Figure 3 1 .  Alignment comparison of the deduced polypeptide sequences of TR­

AC01 and TR-AC02 with a consensus sequence derived from 23 ACC oxidases 

Capital letters represent amino acids completely conserved in all 23 ACC oxidases and 

lower case letters represent the most commonly occurring amino acid. Also indicated 

(underl ined) is a small h ighly variable region found within the coding region of ACC 

oxidases. Regions of differences are highlighted in grey. 
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F l avan o n e-3-hydroxylase 
P .  frut e s c e n s  (AB00281 6) 

F l ava n one-3- hv droxvlase 
(Tob a cco) (AF036093) 

S .  b icolor 
(3386565) 

O. sativa 
(2952326) 

L. escu l e ntum 
(1 9251 ) 

P. hy b ri d a  
(5847 1 0) -----...:::".. 

1 00 

1 0 0 

74 

P .  hybrida __ ---::;>\"----� 
(58471 1 ) 

P. hyb rida 
(5847 1 2) 

L. e s culentum­

(1 9207) 

P . Vul!=lari �  
(3037047) 

84 

Isopenici l l i n-N-s ynthetase 
S. c att leya(1 06 1 01 1 )  

Isopenici l l in-N-s ynt h et ase J-----.-.,-. "'::;clavul i gerus (1 4742) 

M. d o mestica (3 1 53 1 59) 
C. m e l o  (1 70357)-

H. annuus (1 458 1 06) 
A. thal iana (334 1 7 1 7) 

__ A�::::::::=-- C.  sativus (3025693) 

C. melo 

P . a rmenica 
(4 1 6569) 

C351 0500) 

TRAC01 

H. a n n u u s  
(460279) 

Figu re 32. Phylogenetic analysis of amino acid sequences of 2-000 members 

Majority rule consensus tree using parsimony. Bootstrap values for internal splits are 

shown . These give an indication of the strength of the signals with in the data that 

separate the grouping of taxa on one side of the spl it  from taxa on the other side. 

Internal branches receiving less than 55 % support have been collapsed. (- . -) Leaf 

senescence associated sequences. 

The numbers in brackets fol lowing genera are accession numbers. P(Phaseolus) 

vulgaris (3037047 = AC01 ) ;  P (Prunus) armenica; H (Helianthus) annuus (1 4581 08 = 

AC02); P (Petunia) hybrida (5871 2  = AC04; 58471 1 = AC03; 58471 0 = AC01 ) ;  L 

(Lycopersicon) esculentum (1 9207 = AC01 ; 1 9251 = AC02); C (Cucumis) melo (41 6569 

= AC0 1 ; 1 703057 = AC03); C (Cucumus) sativus (3025697=AC03; 3025693= AC02) ; 

M (Malus) domestica; A (Arabidopsis) thaliana (AC02) ; 0 ( Ol}'za) sativa (2952326 = 

ACO 1 ) ; S (Sorghum) bicolor (3386567 = AC02) S( Streptomyces) cattleya; N (Nicotiana) 

tabacum; P (Peril/a) frutescens; S (Streptomyces) clavuligerus. 
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3.8 Confi rmation by genomic Southern analysis that TR-AC01 

and TR-AC02 are encoded by distinct genes 
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As a prelude to genomic Southern and northern analysis of TR-ACO l and TR-AC02, their 

specificity for their own sequence in blotting analysis was examined. This was undertaken 

because they are very similar in nucleotide sequence (84 % ,  Figure 30) and so have the 

potential to cross-hybridise to each others sequence. Duplicate blots containing DNA from 

TR-ACO l and TR-AC02 were probed with either [a_
32P]_dCTP labelled TR-AC01 or 

TR-AC02 sequences and then washed at high stringency (0. 1 X SSPE, 0. 1 % (w/v) SDS 

at 65°C) . At this stringency, TR-AC01 and TR-AC02 showed high specificity for their 

own cognate sequences (Figure 33).  Henceforth, these washing conditions were used in 

subsequent DNA and RNA blot analysis. 

Southern analysis of digested genomic DNA (section 2.3 .4) confmned that TR-AC01 and 

TR-AC02 were encoded by distinct genes, as both TR-AC0 1  and TR-AC02 [a_32p]_ 

dCTP labelled probes hybridised to different genomic sequences on the Southern blot 

(Figure 34A and B). However, each probe also hybridised to multiple sequences in each 

lane despite not having internal restriction sites for any of the enzymes used. Potentially, 

these multiple sequences could be caused by 

1. incomplete digestion, 

ll. the presence of restriction sites for the EeoR1 ,  Hind HI, and Xba I within putative 

introns, 

iii. the presence of closely related genes (possibly through gene duplication), or 

IV. polymorphic alleles. 

It is unlikely that incomplete digestion is the cause of the multiple banding pattern in each 

lane, as ethidium bromide staining revealed an even smear of digested genomic DNA 

throughout each lane with little high molecular weight DNA (greater than 1 2  000 Kb) 

evident (Figure 34C). Each of the other possibilities is discussed later. 
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Figure 33 Specificity of TR-AC01 and TR-AC02 (coding-frame probes) in blotting 

. analysis. 

50 ng of TR-AC01 and TR-AC02 cDNA sequences were subjected to Southern analysis. The 
blots were washed at high stringency (0. 1 X SSPE, 0. 1 % (w/v) SDS at 65 CC). 
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A 8 

Kb 1 2 3 1 2 3 Kb 

1 2.2 -

1 0. 2  - - 1 0. 2  

5 . 1  

4. 1 

2.0 

1 .6 

c 

1 2 3  1 2 3  

Figure 34. Southern analysis of white clover genomic DNA 

A. Hybridisation pattern of [a_
32

P]_dCTP labelled TR-AC01 . 

8. Hybridisation pattern of [a-32P]-dCTP labelled TR-AC02. 

C. Digested DNA visualised by ethidium bromide staining. 

5. 1 

4. 1 
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Lane 1 ,  DNA cut with EcoR1 ,  Lane 2 ,  DNA cut with Hind I I I  , Lane 3, DNA cut with Xbal . 

Molecular weight markers are indicated . 
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With the completion of Southern analysis, the next section of the thesis involved the use of 

the TR-ACOl and TR-AC02 coding regions as probes to examine changes in expression 

of these genes during leaf maturation and senescence. A differential expression pattern 

may also confIrm that TR-ACOl and TR-AC02 are encoded by distinct genes. 

3.9 Changes i n  gene transcript expression of ACC-oxidase during 

leaf maturation and senescence of white clover by northern 

analysis 

Prior to northern analysis, the amount of RNA able to be extracted from leaves at different 

stages of maturation and senescence was examined (Figure 35). The greatest amount of 

RNA (on a per gram fresh weight basis) was extracted from leaves that had just fully 

unfolded (ca. 550 !J.g g.! FW; leaf 4). The level of extractable RNA then declined from leaf 

5 to 8, so that by leaf 8 (mature green), only ca. 240 !J.g of RNA per gram fresh weight 

could be extracted. For leaves 8 to 1 2  (onset of chlorosis), the quantities of RNA 

extracted remained constant at ca. 240 !J.g g-! FW. Then, as the leaves became more 

chlorotic, the amount of RNA obtainable from the tissue declined further, as has also been 

observed in senescing leaf tissue from other species (Lohman, et al. ,  1994; Buchanan­

Wollaston, 1997). 

3.9.1 Gene expression of TR-AC01 and TR-AC02 during leaf maturation 
and senescence 

Gene expression of TR-AC0 1 and TR-AC02 was examined in leaves 6 to 1 6, on a per unit 

fresh weight basis (Figure 36), a per unit total RNA basis (Figure 37) and a per unit poly 

A+ basis (Figure 38) using northern analysis (section 2.3.7). 

The TR-AC0 1 sequence hybridised to a single RNA transcript on all three northern blots 

of ca. 1 . 35 Kb in size. The steady-state levels of this transcript were similar in mature 

green leaf tissue (leaves 6 to 10), but declined as the tissue became chlorotic (leaves 1 2  to 

1 6) irrespective of whether expressed on a per unit fresh weight basis (no RNA for leaf 1 1  

is present on this blot), total RNA basis, or poly A+ RNA basis. In contrast, the TR-AC02 

sequence hybridised to two distinct RNA transcripts ( 1 .35 Kb and 1 . 17 Kb) with similar 

intensity. This is most clearly seen on the poly A+ RNA blot (Figure 38). Both of these 

transcripts were enhanced equally as the leaf tissue aged (became chlorotic), irrespective of 

whether expressed on a per unit fresh weight, total RNA, or poly A+ RNA basis. Further, 
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the increased accumulation of the TR-AC02 transcripts began at leaf 8 which was before 

visual and quantitative symptoms of chlorosis were evident (leaf 1 1 ). The gels used for 

analysis of RNA that were loaded by total RNA and by fresh weight and stained with 

ethidium bromide are also presented. Of particular interest is the gel loaded by total RNA, 

where it can be seen that the differential transcript accumulation patterns of TR-ACO l and 

TR-AC02 were not caused by uneven loading of the RNA. 
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3 4 5 6 7 8 9 1 0  1 1  1 2  1 3  1 4  1 5  1 6  
Leaf number 

Figure 35. Concentration of total RNA extracted from mature and senescing leaves 

of white clover 

The leaf at which chlorosis (corresponding to approximately 5 % or less degreening 

around the leaf margins) occurs is indicated. 

Error bars = ± 1 sem. For leaves at node 6,8,9, 1 0, 1 1 ,  1 2, 1 4, n = 4; node 4, n = 3;  

node 15 n= 1 ;  and node 1 6  n = 2 . . n = number of independent extractions. 
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Figure 36. Chlorophyll analysis and northern analysis of ACC oxidase gene 

expression expressed on a per unit fresh weight basis in mature and senesci ng 

leaf tissue of wh ite clover using the coding frame regions of TR-AC01 and TR­

AC02 as probes. 

A.  Concentration of chlorophyll  in leaves used for northern analysis. 

E rror bars = ±1 sem for 3 interna l  rep licates. 

The leaf at which ch lorosis (corresponding to approximately 5 % or less deg reening 

around the leaf margins) is visually apparent is indicated. 

B. Northern blot hybridized to either [a_
32

P]_dCTP labelled TR-AC01 or TR-AC02 

coding-f rame probes (as label led ) .  

c.  RNA of northern gel visualised by eth idium bromide staining. Lane 1 1  R NA is 

missin g .  
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Figure 37. Chlorophyll analysis and northern analysis of ACC oxidase gene 

expression expressed on a per unit total RNA basis in mature and senescing l eaf 

tissue of white clover using the coding frame regions of TR-AC01 and TR-AC02 as 

probes. 

A.  Concentration of chlorophyl l  in leaves used for northern analysis. 

Error bars = ±1 sem for n = 3 internal replicates. 

The leaf at which chlorosis (corresponding to approximately 5 % or less degreening 

around the leaf margins) is visual ly apparent is indicated .  

B. Northern blot hybridized to either [a-32P]-dCTP labelled TR-AC01 or TR-AC02 

cOd ing-frame probes (as labelled) .  

C. RNA of northern gel visualised by ethidium bromide stain ing.  
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Figure 38. Chlorophyll analysis, and northern analysis of ACC oxidase gene 

expression expressed on a per unit poly A + R NA basis in mature and senescing 

leaf tissue of white clover using the coding frame regions of TR-AC01 and TR­

AC02 as probes. 

A. Concentration of chlorophyll in leaves used for northern analysis. 

Error bars = ±1 sem for n = 3 internal replicates. 

The leaf at which chlorosis (corresponding to approximately 5 % or less degreening 

around the leaf margins) is visually apparent is indicated . 

B. Northern blot hybridized to either [a-32P]-dCTP label led TR-AC01 or TR-AC02 

coding-frame probes (as labelled) .  
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The discovery that the TR-AC02 probe recognised two RNA transcripts on the northern 

blot and that both TR-AC0 1 and TR-AC02 sequences hybridised to multiple genomic 

sequences on the Southern blot suggests that there may be additional ACC oxidase genes 

which are closely related to TR-AC0 1 and TR-AC02 but which are not discriminated 

using the coding regions as probes, even at the highest stringency of washing (0. 1 X SSPE, 

0. 1 % (w/v) SDS at 65°C). Alternatively, the 1 . 17 Kb transcript may be a product of post­

transcriptional processing, whereby the 3'-UTR is truncated due to the presence of an 

alternative polyadenylation site. 

This was examined further by repeating the Southern and northern analysis with probes 

generated to a more divergent region of the TR-AC0 1 and TR-AC02 gene transcripts. 

The 3 '-untranslated region (3'-UTR) has been identified as a region of high sequence 

divergence among ACC oxidase gene transcripts (Barry et al. ,  1996; Kim and Yang 1 994; 

Tang et al. ,  1993). For example, while AC0 1 and AC03 of tomato share greater than 

94 % nucleotide sequence homology over an extensive area of the coding frame, the 

similarity is only 65 % and 47 % in the 5 '- and 3'-UTRs respectively, and therefore it is 

these regions that have been used as gene-specific probes to discriminate expression of 

AC0 1 and AC02 in tomato tissue (Barry et al. ,  1996). 

The next section describes the amplification and sequencing of the 3'-UTRs of TR-AC0 1 

and TR-AC02 and their use as probes in both Southern and northern analysis. 

3.1 0 Confirmation of Southern and Northern analysis using 3'· 

RACE 

The 3'-UTRs of TR-ACO l and TR-AC02 were generated using 3'-RACE (Randomly 

Amplified £DNA Ends) . RACE is an RT -PCR technique ftrst described by Frohman et al. , 

( 1 988) for the amplification of either the 5'-UTR or the 3'-UTR of mRNA. The main 

difference between 3'-RACE and conventional RT -PCR is that the downstream (3') primer 

is replaced by a primer rich in T residues which binds to the poly A+ tail of the mRNA and 

acts as the primer for the RT reaction. 
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3.1 0.1 Identification of the 3'-UTRs of TR-AC01 and TR-AC02 

3. 10. 1. 1  Development of 3'-RA CE:degenerate primer approach 
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Initially, RT-PCR (section 2.3 .6) was performed using the degenerate upstream primers 

previously used to generate the TR-ACOl and TR-AC02 coding regions, but with the 

downstream primers (ACORl and E I02, see Figure 10) replaced with the 17 mer oligo 

d(T) primer. 

3'-RACE was performed on RNA isolated from leaves 9 and 14, as it had been shown 

previously by RT-PCR that both TR-ACOl and TR-AC02 could be amplified from RNA 

isolated from these leaves. It was predicted from a consensus of published sequences that 

the amplified products should be ca. 1 000 to 1200 bp in size , comprising of ca. 840 bp 

coding frame and ca. 200 to 300 bp 3'-UTR. For example, the 3-UTR of apple pAE 1 2  is 

1 9 1  bp (Dong et al., 1992), avocado pAVOe3, 1 59 bp (McGarvey et al., 1 990), 

Pelargonium x hortorum GEFE- l ,  249 bp (Wang et al., 1994), P. hybrida pPHEFE, 227 

bp (Wang and Woodson, 1992), C. melo CM-ACO l ,  248 bp (Lasserre et al., 1996), peach 

pch 3 1 3 , 253 bp (Callahan et al. , 1 992), and mung bean pVR-ACO l ,  3 17 bp (Kim and 

Yang, 1 994) . 

Initially, 3'-RACE was performed using different concentrations of both upstream 

(degenerate) and the downstream 1 7  mer oligo d(T) primers to determine the conditions 

needed for formation of a discrete cDNA product(s). 

The concentration of the 17 mer oligo d(T) primer was increased in the PCR mix as it has 

been proposed to improve yields of cDNA product in amplification mixes (Czemy, 1 996) . 

However, increasing primer concentration from 250 nM to 1 flM did not result in the 

formation of discrete products (Figure 39, lane 2 and 3). By contrast, it appeared that non­

specific amplification was occurring during the PCR. 

The specificity of a PCR may be improved by using nested degenerate primers, and so 

second round PCR amplification using E I0l (the nested primer of ACOF1 )  was performed 

on 2 J..lL of the first round amplification products of lane 2. To increase further the 

likelihood of a successful PCR, a series of increasing concentrations of the second round 

primer was used, as it has been suggested that when using degenerate primers higher 

concentrations of primer ( 1 - 3 J..lM) should be used (Rychlik, 1993). 
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Figure 39. Development of 3'-RACE: degenerative primer approach 

lane 1 , 4, 8, 1 2, 1 6 . Gibco SRl 1 Kb DNA ladder 

lane 2 .  

lane 3 .  

lane 5 .  

lane 6 .  

lane 7 .  

lane 9 .  

lane 1 0. 

lane 1 1 . 

lane 1 3. 

lane 1 4. 

lane 1 5 . 

lane 1 7. 

lane 1 8. 

2 

PGR of leaf 9 RT m ix,  333 nM AGOF1 , 250 nM oligo d(T). 

PGR of leaf 9 RT mix, 333 nM AGOF1 , 1 �M oligo d(T) . 

Second round PGR using 2 III of lane 2 ampl ification products as a 

template, 333 nM E1 01 , 250 nM oligo d(T) . 

Second round PGR using 2 III of lane 2 ampl ification products as a 

template, 666 nM E1 01 , 250 nM oligo d(T) . 

Second round PGR using 2 III of lane 2 ampl ification products as a 

template, 3.33 � M  E1 01 , 250 nM oligo d(T) .  

PGR of leaf 9, RT mix 1 .667 �M AGOF1 , 250 nM oligo d(T) . 

No template control 1 .667 �M AGOF1 , 250 nM oligo d(T) . 

PGR of leaf 1 4  RT mix , 1 .667 �M AGOF1  , 250 nM ol igo d(T) . 

Second round PGR using 21ll of lane 9 ampl ified products as a 

template, 1 .667 nM E1 0 1 , 250 nM oligo d(T) . 

Second round PGR using 2 III of lane 1 1  amplified products as a 

template, 1 .667 nM E1 0 1 , 250 nM oligo d (T) . 

No oligo d(T) control : PGR of 2 �l of lane 9 ampl ification products, 

1 .667 nM E 1 01 . 

PGR using gel-purified amplification products of ca. 900 to 1 400 bp in 

size from lane 9 PGR products as template. 

PGR using gel purified ampl ification products of ca. 900 to 1 400 bp in 

size from lane 1 1  PGR products as template. 
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However, second round PCR with the nested primer (E 1 0 1 )  did not increase the specificity 

of the PCR (i.e. the formation of discrete cDNA products) even if the primer concentration 

was increased from 333 nM to 3.33 JlM (lanes 5 to 7). 

The effect of increasing ACOFl primer concentration in the PCR mix from 333 nM (used 

in lanes 2 and 3) to 1 .667 nM on product formation was further examined in lanes 9 and 

1 1 . The increased concentration of ACOFl in the PCR did produce discrete amplified 

products of ca. 650, 900 and 1 380 bp in size. However, the smaller of these fragments (ca. 

650 and 900 bp) were too small to be putative ACC oxidase sequences as they were 

smaller than the coding regions of TR-ACO l and 2 previously generated with ACOFl (ca. 

840 bp). Whilst the largest fragment (ca. 1 380 bp) appeared too large as northern analysis 

had previously determined the total size of the TR-ACO l and TR-AC02 gene transcripts 

as 1 .3 5  Kb. 

A further (second-round) amplification was performed with the nested primer, E l O l ,  on the 

PCR mixes that generated the discrete bands (in lanes 9 and 1 1 ) to see whether further 

amplification would result in products of the expected size. Again an upstream primer 

concentration in the mix of 1 .667 nM was able to generate discrete bands, but all of which 

were too small (less than 900 bp) to have contained the 3'-UTR (lanes 1 3  and 14). 

A further way by which the specificity of second round amplification may be increased is to 

excise the region of the gel where the products of the first round amplification were 

expected, elute the fragments from the gel and perform second round amplification. This 

was performed by excising a region from ca.900 bp to 1400 bp of lane 9 and lane 1 1 , snap­

freezing, and repeating the PCR with 1 .667 nM ElOl  (replacing the 1 .667 nM ACOFl) .  

Many of the products obtained were smaller in size than the region excised from the gel 

(lanes 9 and 1 1 ) and not around the size expected ca. 1000 to 1 200 bp (lanes 1 7  and 1 8) .  

The major staining fragment (ca. 1 380 bp) was again the same as observed previously in 

lanes 9 and 1 1  which was considered as too large. 

It was therefore decided to use a gene-specific primer (GSP) approach at a higher 

annealing temperature to minimise production of spurious amplification products and 

specifically amplify the 3'-UTR of TR-ACOl and TR-AC02. 
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3. 10. 1.2 Development of 3 '-RACE:Gene-specific primer approach 

A gene-specific primer, designated ACOF2 (see Figure 30), was designed as 

complementary to a region of 20 bp approximately 250 bp from the 3' end of the coding 

regions of both TR-ACOl and TR-AC02. This region was chosen so that after 

amplification the 3'-UTRs could easily be associated with their corresponding coding frame 

by sequence homology. The advantage of using gene-specific primers is that they enable 

higher annealing temperatures during the PCR, which in turn increases the specificity of the 

amplification reactions. However, at these higher temperatures the annealing efficiency of 

the 1 7  mer oligo d(T) primer to the poly A tails of cDNA sequences is compromised due to 

the weaker Ir-bonding of A-T residues (Frohman et al. , 1988). This problem is 

circumvented by replacing the downstream 17 mer oligo d(T) primer in the RT reaction 

with ADAPdT (refer Figure 9). ADAPdT is a hybrid primer which consists of a GC 

containing oligonucleotide (ADAP) attached to the 5' end of 1 7  oligo d(T) residues. 

Hybridisation of ADAPdT to mRNA in the RT-reaction incorporates ADAP into all first 

strand cDNA species synthesized. A sequence that is complementary to ADAP can then 

serve as an effective primer in the subsequent PCR. 

After first round amplification using ACOF2 (333 nM) and the ADAP (333 nM) as primers 

and an annealing temperature of 50°C, 5 �L aliquots of each reaction were resolved in a 1 

% (w/v) agarose gel. Four discrete cDNA products (ca. 250 bp, 400 bp, 500 bp and 600 

bp) were amplified from the RT mix of RNA extracted from leaf 9 and 1 4  (Figure 40, lanes 

2 and 3) .  Approximately 250 bp of the sequence should be coding region due to the 

position of the ACOF2 priming site in the sequence. This suggested that the size of the ca. 

250 bp amplified product would be too small to contain the 3'-UTR of either TR-ACO l or 

TR-AC02. The PCR was repeated with a higher annealing temperature (from 50°C to 

55°C) to increase the specificity of the amplification (lanes 5 and 6) . The 250 bp product 

was not amplified at this higher temperature, while the three larger cDNA sequences (ca. 

400 bp, 500 bp, and 600 bp) were amplified from both the leaf 9 and 14 RT mixes. 

Controls were included for the PCR, such as a PCR with no template (lane 7), a PCR with 

no upstream primer (ACOF2; lane 8), and a PCR with no downstream primer (ADAP; lane 

9). No product was amplified in these controls which indicated that the complete PCR mix 

was necessary for the amplification of the three cDNA sequences and also confmned that 

the products were not artifacts. 



Results 1 4 1  

bp 1 2 3 4 5 6 7 8 9 1 0  1 1  1 2  1 3  1 4  1 5  1 6  "9 bp 

200 1 0 000 
1 20 
80 

60 1 01 8  
40 

506 
20 

298 
220 

Figure 40. Development of 3'-RACE: gene-specific primer approach 

Lane 1 .  

Lane 2 .  

Lane 3 .  

Lane 4 .  

Lane 5. 

Lane 6. 

Lane 7 .  

Lane 8 .  

Lane 9.  
Lane 1 0. 

Lane 1 1 .  

Lane 1 2. 

Lane 1 3. 

Lane 1 4. 

Lane 1 5. 

Lane 1 6. 

Gibco BRL 1 Kb DNA Ladder. 

PCR of leaf 9 RT mix, 333 nM ACOF2, 333 nM ADAP, annealing temp. of 50°C. 

PCR of leaf 1 4  RT mix, 333 nM ACOF2, 333 nM ADAP, anneal ing temp. of 50°C . 

Gibco BRL 1 Kb DNA Ladder. 

PCR of leaf 9 RT mix, 333 nM ACOF2, 333 nM ADAP, annealing temp. of 55°C. 

PCR of leaf 1 4  RT mix, 333 nM ACOF2, 333 nM ADAP, anneal ing temp. of 55°C. 

No template control :  333 nM ACOF2, 333 nM ADAP, anneal ing temp. of 55°C. 

No ACOF2 control :  PCR of leaf 9 RT mix, 333 nM ADAP, anneal ing temp. of 55°C. 

No ADAP control :  PCR of leaf 9 RT mix, 333 nM ACOF2,  anneal ing temp. of 55°C. 

Gibco BRL High DNA Mass Ladder. 

Gel- and column-purified 400 bp fragment from leaf 9 RT -PCR mix, lane 5. 

Gel- and column-purified 500 bp fragment from leaf 9 RT-PCR mix, lane 5. 

Gel- and column-purified 600 bp fragment from leaf 9 RT -PCR mix, lane 5. 

Gel- and column-purified 400 bp fragment from leaf 1 4  RT-PCR mix, lane 6. 

Gel- and column-purified 500 bp fragment from leaf 14 RT -PCR mix, lane 6. 

Gel- and column-purified 600 bp fragment from leaf 14 RT-PCR mix, lane 6. 

Molecular size markers are indicated on the left and right of the figure in bp. The mass in ng for 

each of the molecular size markers i n  lane 1 0  is also indicated to the right of the figure. 
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The PCR mixes containing the amplified products (ca. 400, 500 and 600 bp) were 

precipitated with ethanol, resuspended in sterile water and gel-purified through a 1 % (w/v) 

agarose gel. The 400 bp, 500 bp, and 600 bp cDNA amplified products were then excised, 

coluIIll1-purified and their concentrations estimated by fractionation along side the GIBCO 

BRL DNA mass ladder (Figure 40; lanes 1 1  to 1 6). The amplified products of the putative 

3'-UTR of ACC oxidase were then individually TA-cloned into the pCR 2. 1 vector and 

transformed into E. coli strain DH-5a.. After selection on AmplOO LB media, transformants 

were grown overnight in LB broths, their plasrnids isolated by alkaline lysis and the 

presence of the insert (ca. 400 bp, 500 bp, and 600 bp) confirmed by restriction digestion 

(Figure 4 1 ) .  

The 400, 500 and 600 bp inserts separated from the cut plasrnids in 1 % (w/v) agarose gels 

appeared to be represented as doublets (Figure 41A) .  It was confirmed that the doublets 

were probably an artifact of the separation through the 1 % (w/v) agarose gels, by 

amplifying inserts from plasrnids in lane 4, 8 and 13  (Figure 41A) by PCR with ACOF2 and 

ADAP and checking the products on a 1 % (w/v) agarose gel (Figure 4 1B, lanes 2 to 4). 

EcoRl digests of plasrnids that were isolated from bacteria TA-cloned with the 400 bp 

fragment are shown in lanes 2 to 6, and the inserts in lanes 2, 4, 5,  and 6 that were of 

consistent size were column-purified and sequenced. EcoRl digests of TA-cloned plasrnids 

with the 500 bp fragment are shown in lanes 8 to 1 2, and the plasrnids in lanes 8 and 1 1  

were sequenced. EcoRl digests of TA-cloned plasrnids with the 600 bp fragment are 

shown in lanes 14 to 1 9, and the plasrnids in lanes 14, 15 ,  and 1 6  were sequenced. The 

different sizes of the insert in some of the lanes, e.g. lane 3 ,  10, and 1 2  (Figure 4 1 A) were 

assumed to be due to anomalies produced during cloning and so were ignored. 
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Figure 41 . Confirmation of transformed colonies after TA-cloning of putative 3'­

UTRs. 

Restriction d igestion of plasmids containing putative 3'-UTRs of ACC oxidase 

Lanes 1 ,  7, 1 3 . G I BCO BRL 1 Kb DNA Ladder. 

Lanes 2 to 6 .  Digestion of pCR 2.1  plasmids containing a 400 bp putative ACC 

oxidase 3'-UTRs. 

Lanes 8 to 1 2 . Digestion of pCR 2.1  plasmids containing a 500 bp putative ACC 

oxidase 3'-UTRs. 

Lanes 1 4  to 1 9. Digestion of pCR 2.1 plasmids containing a 600 bp putative ACC 

oxidase 3'-UTRs. 

B. PCR ampl i fication using 1 �L of a representative plasmid from each transformation. 

Lane 1 .  G I BCO BRL 1 Kb DNA Ladder. 

Lane 2 .  PCR ampl ification of  plasmid from lane 4 ,  containing 400 bp  putative 

ACe oxidase 3'-UTR, 333 nM ACO F2,  333 nM ADAP, annealing temp. 

of 50°C. 

Lane 3.  

Lane 4.  

PCR ampl ification of plasmid from lane 8, containing 500 bp putative 

ACe oxidase 3'-UTR, 333 nM AeOF2, 333 nM ADAP, anneal ing temp. 

of 50°C. 

PCR ampl ification of plasmid from lane 1 3, containing 600 bp putative 

ACe oxidase 3'-UTR, 333 nM ACOF2, 333 nM ADAP, annealing temp. 

of 50°C. 
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3. 10. 1.3 Confirmation of putative ACC oxidase 3'-UTR gene transcripts by 
sequence analysis 

Sequence alignment identified the two smaller 3 '-UTR amplified products of ca. 400 and 

500 bp to be truncated versions of the larger 600 bp product (Figure 42). The high 

sequence homology of their coding frame regions with TR-AC02 suggested that only the 

3 '-UTR sequence of TR-AC02 had been cloned. The truncated versions of the 600 bp 

product may have arisen because the RT reaction was carried out at a relatively low 

temperature (42°C), since at this temperature a stretch of A residues as short as 6 to 8 nt 

can serve as a binding site for an oligo d(T)-tailed primer (Frohrnan, 1 993). However, in 

the 3'-UTR of TR-AC02 there was only one region that contained six adjacent 'A' residues 

(position 936-94 1 ;  Figure 42), and this region was not one of the binding sites for the oligo 

d(T)-tailed primer (as determined by sequence analysis). This suggests that the 400 bp and 

500 bp products are not artifacts produced by non-specific binding of the 1 7-mer oligo 

d(T) region of ADAPdT to additional poly A rich regions within the 3'-UTR of TR-AC02. 

The three 3 '-UTRs of TR-AC02 may be explained by the presence of multiple sequences 

termed Near Upstream Elements (NUE) and Ear Upstream Elements (FUE) (Rothnie, 

1 996) upstream of the polyadenylation sites of TR-AC02 (Figure 42). These are regions 

characteristic of certain plant mRNAs that alter the position of attachment of the poly A 

tail, for example, 14 distinct 3'-end processing sites have been identified in the chloroplast 

binding protein of tobacco (Klahre et al., 1 995). 

The 3'-UTRs of gene-transcripts contain, in addition to polyadenylation signaling regions, 

other motifs that can provide the researcher with additional information on gene regulation. 

For instance, the pentarner motif (AUUUA) has been implicated in determining the stability 

of transcripts in vivo (Ohme-Takagi et al., 1993), and three such regions can be identified 

in the 3'-UTR of TR-AC02. 
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A 
TR-AC02 TR-AC02 3'-UTR 

8 1 6  nt 303 nt 
TR-AC02a ADAPDT 

TR-AC02b 
1 96 nt 

ADAPDT 

TR-AC02c 
1 1 6 nt 

ADAPDT 

B 

ACOF2 GGTGACCAGCTCGAGGTAAT 630 
GG:PGACC�GCTC�GGTAF,I[WAAc�ntGGT�TAT�GAGTGjj$GAGCAQCGTGTG 
G D Q L E V  I T N G K Y K S V E H R V 

ATAG'f:.:A.CAM,ft..AAAT(;GAAC�GAATGTGTATA�c'�TCA;rTCTACAA<:CCTG(;AAGTCiATGCTGrl\: 696 

I A Q  T N G T R M S I A S F Y N P G  S D A V 

ATCT�CCCTGCTCCA�TTGT-WGGAAAAAG��GA�CCAATGttGTATPC.TAAAT�T 762 
I Y P  A P E L L E K E T E E K T N V Y P K F 

GTGT$trGAA�<?TACAT�GAW.CTATG�TGCT�T'GAAA<:r.;rTCAAGCTAAGGAACcMGATTTGAA 828 
G F E  E Y M  K I  Y A A  L K  F Q A K  E P R F  E 894 GCAC�$AAA�G#TGAAATGTGAATTTGGGTTCAATTGCAATTGTTTTGAATTTAAACAAGTAACAT 
A L K A 

AAAATAGGCAAAGATGCATGTGCTCCTCAAATGAAAATAATAAAAAATAGATTTAAATATGATGCG 960 
NUE � 

AGTCATGCAAATATATTATGTGTTAGTT;rrTGtAAGTTTATTTTTAATAGAT�C�TGTGTG 1 026 
FUE NUE 

T TAATACAAAT TCACACAG TAAAT TGAAGGGAT TAGAGT TCGAACATCGGTTATGGTGTCA GACTC 1 092 
� 

ATTTTGGCTT,TG1AATTTTCTTTTTTTTTGCTTGAGTTCAACTCGTATAAATTTAAAAAAAAAAAA 1 1 58 
FUE 

AAAAAAT TAGCTGCAGTAGGATCCACA 
T TAGCTGCAGTAGGATCCACA ADAP 

Figure 42. Nucleotide and deduced amino acid sequence of TR-AC02 

3'-translated and untranslated regions generated by 3'-RACE. 

1 1 85 

The sequences were generated using a gene-specific primer ACOF2 (underlined) and a 
sequence, ADAP, previously attached during first strand synthesis to the poly-A tail of 
TR-AC02. 
A. Schematic diagram of the three truncated 3'-UTR's of TR-AC02. 

8. Sequence of the 3'- translated and untranslated regions of TR-AC02. 

The arrows indicate the truncated versions of TR-AC02 found. Also indicated is 
ACOF2b (bold underlined), the primer used subsequently with ADAP for TR-AC02 
probe generation .  Three AUUUA pentam�r,�(�()!�,i!�/!�), ��ar upstream elements 
(NUE) and far upstream elements (FUE) (hiQnlgtrte<:ti'undetljnEkn are indicated . The 
NUE designated at position 1 21 3  is potentially another slight variation of NUEs 
documented so far (the U nt replaced by C). 
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A total of 2 1  clones (i.e. nine inserts (400 bp), six inserts (500 bp), and six inserts (600 bp) 

product) were eventually sequenced and all 2 1  identified as TR-AC02 sequences. It 

appeared that the ACOF2 primer, although made complementary to a region present in 

both TR-ACO l and TR-AC02 sequences, was predominantly amplifying TR-AC02 

sequences. 

To increase the chance of amplifying the 3 '-UTR of TR-AC01 ,  3 '-RACE was repeated on 

RNA isolated from leaves at node 6, as northern analysis had previously shown in leaves at 

this node, that transcript levels of TR-ACO l were high, while in contrast, transcript levels 

of TR-AC02 were low (refer Figure 38). In order to increase further the specificity of the 

PCR, nested gene-specific primers made to a complementary region specific to TR-ACO l 

were used . 

3. 10. 1.4 Isolation of TR-AC01 3'-UTR by the GSP approach 

Two rounds of PCR were performed, and the upstream primer ACOF2, replaced with the 

nested primers, ACOF4 and ACOF4a (see Figure 30). 

After amplification had been completed, aliquots (5 �L) of both first and second round 

mixes were separated in adjacent lanes of a 1 % (w/v) agarose gel (Figure 43; lanes 2 and 

3) .  Amplification with the first round primer, ACOF4, did not produce a discrete cDNA 

product (lane 2), but upon further amplification with the second round primer, ACOF4a, an 

ca. 400 bp fragment was generated (lane 3). 

The nucleic acid from the second round amplification mix was precipitated with ethanol, 

the ca. 400 bp DNA fragment gel- and column-purified and TA-cloned into E. coli strain 

DH 5a. DNA inserts from six transformed colonies were sequenced. 

Sequence alignment of the coding frame portion with the 3'-terminal coding frame region of 

TR-ACO l confirmed that 3 '-RACE (with ACOF4 and ACOF4a as primers) was successful 

at generating the 3'-UTR (233 bp) of TR-ACO l (Figure 43). 

Putative cis-acting motifs for poly A signaling were also identified, but unlike TR-AC02 

there was not multiple NUBs and FUEs in the 3'-UTR and this may explain why only one 

discrete sequence was amplified. Another difference between the 3'-UTR of TR-ACO l 

and TR-AC02 was the complete absence of the putative cis-acting instability motif, 

AUUUA in TR-ACO l .  
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A 

f-- 400 bp 

B 
TR-AC01 TR-AC01  3'-UTR 

804 nt 233 nt 
--------------------------�-------------ADAPDT 

c 
ACOF4 GTTATCTATCCAGCAACAAC 

ACOF4A C"'ATCCAGC-:AACl\ P. C ATTGI\ 

CTlnCCAGCA...l\Cl\J\CATTGlI.TT S]l,Jl,G]l,.GAATAAT SAF.G'::''l'TAC C C]l,_.!\AF. l' '::' T 750 
Y P A T  T L I E E N N E V Y  P K F 

GTT'!'TT 'J."AAGA'TTAC ATG.l\ATCTTTAT 'JCTGGF.TTJU\AGTTTCAAGCT.rv::.Jl. SPJ... ::;' CA.<; GP-.TTT S,<;A 81 6  
V F E D Y  M N L Y A G L K F  Q A K E P R F  E 

GCF. �' 1"1'.l\AG GA.l\TCA'J:c.1Ll\ATGTTAAACTTGGTCCAATTGCAACAGT':::' TAATT]l,.TGT GTTACTATA 882 
A F K E S S N V K L G P I A T V  

AATAAATAAAAAATAATATAAATATATGTTAACATGTTTGTTTAAGTGGAAGCAAGCAAAGTAAAA 948 

AAAAGCTTAAAGT CAAGTGCATAAGTTTCTCAAATTAGTATGTAGTTGTTTACTTACTATATAGTG 

-+­
AGTGATGTGATGTGATTT1'CTTGTATTATTTGTGGAAAAAGTAATATCAA.TGTTCAATATAATF:A'I: 

FUE NUE 
AAATATATTATTCAAGTAAAAAAAAAAAAAAATTAGCTGCAG TAGGATCCACA 

TTAGCTGCAGTi\GGATC CACA ADAP 

Figure 43 Nucleotide and deduced amino acid seq uence of the TR-AC01 3'­

translated and untranslated regions 

A. PCR amplification of putative 3'-UTR of TR-AC01 .  

Lane 1 . 1  Kb DNA ladder. 

Lane 2 . PCR of leaf 9 RT-mix, primers were 333 nM ACOF4 and 333 nM ADAP. 

1 0 1 4  
1 080 

1 1 35 

Lane 3. Second round amplification using 2)lLof amplified products from lane 2, primers 

were 333 nM ACOF4A and 333 nM ADAP, annealing temp. of 55°C . The arrow 

denotes the size in bp of the amplified fragment. 

B. Schematic diagram of the 3'-UTR of TR-AC01 . 

C .  Sequence of the 3'-translated and untranslated regions of TR-AC01 .  
The primer used subsequently for TR-AC0 1 probe generation with ADAP is indicated 
(ACOF4b, bold ul1d�rlined). Near upstream elements (NUE) and far u pstream 
elements (FUE) (highlighted\ undetJinad)are indicated. At the position of the A in the 
FUE (indicated by arrow) is normally found a T  (U for mRNA) (Rothnie, 1 996) . Also 
indicated is the Hind I I I  restriction site found within the 3'-UTR (bold, italics) . 
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3. 10. 1.5 3 '·UTR probe production for blot analysis 

TR-ACOl and TR-AC02 3'-UTR sequences (minus the majority of the 3' coding region) 

were generated by RT -PCR from column-purified plasmids containing the cloned 

sequences using ACOF4b (see Figure 43) and ACOF2b (see Figure 42) respectively as the 

upstream primers (Figure 44). The sequence homology of TR-AC0 1 and 2 was reduced 

from 84 % in their coding regions (see Figure 30) to 6 1  % in their 3'-UTRs (Figure 45). 

The reduction in homology between the 3'-UTR regions of TR-AC01 and TR-AC02 

confirmed the greater sequence divergence in the 3'-UTR. These sequences were used as 

probes to further characterise the expression of TR-AC0 1 and 2 during leaf maturation and 

senescence. 
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A 

ACOF4b 

150 

CTTGGTCCAATTGCAACAGTT 

CTTGGTCCAATTGCAACAGTTTAATTATGTGTTACTATAAATAAATAAAAAATAATA 

L G P I A T V 

TAAATATATGTTAACATGTTTGTTTAAGTGGAAGCAAGCAAAGTAAAAAAAAGCTTAAAGTCAAGTGC 

ATAAGTTTCTCAAATTAGTATGTAGTTGTTTACTTACTATATAGTGAGTGATGTGATGTGATTTTCTT 

GTATTATTTGTGGAAAAAGTAATATCAATGTTCAATATAATAATAAATATATTATTCAAGTAAAAAAA 

AAAAAAAAAATTAGCTGCAGTAGGATCCACA 

TTAGCTGCAGTAGGATCCACAADAP 

B 
ACOF2b CAAGCTAAGGAACCAAGAT 

CAAGCTAAGGAACCAAGATTTGAAGCACTGAAAGCATGAAATGTGAATTTGGGTTCA 

Q A K E P R F E A L K A 

ATTGCAATTGTTTTGAATTTAAACAAGTAACATAAAATAGGCAAAGATGCATGTGCTCCTCAAATGAA 

AATAATAAAAAATAGATTTAAATATGATGCGAGTCATGCAAATATATTATGTGTTAGTTTTTGTAAGT 

TTATTTTTAATAGATAAACGAAATGTGTGTTAATACAAATTCACACAGTAAATTGAAGGGATTAGAGT 

TCGAACATCGGTTATGGTGTCAGACTCATTTTGGCTTTGTAATTTTCTTTTTTTTTGCTTGAGTTCAA 

CTCGTATAAATTT�TTAGCTGCAGTAGGATCCACA 

TTAGCTGCAGTAGGATCCACA ADAP 

Figure 44. Nucleotide and deduced amino acid sequence of the 3'-UTR TR-AC01 

and TR-AC02 sequences generated with the primers ACOF4b (TR-AC01 ), ACOF2b 

(TR-AC02) and ADAP. 

A. TR-AC01 3'-UTR sequence. 

B. TR-AC02 3'-UTR sequence. 

The primers are shown (underlined). The terminal amino acids are indicated as black 

bold capitals. 
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Reference molecule: 
Sequence 2: 

TR-AC01 
TR-AC02 

TR-AC01 
TR-AC02 

TR-AC01 
TR-AC02 

TR-AC01 
TR-AC02 

TR-AC01 
TR-AC02 

TR-AC01 
TR-AC02 

TR-AC01 
TR-AC02 

TR-AC01 
TR-AC02 

TR-AC01 3' UTR PROBE 1 - 292 ( 292 bps) Homology 
TR-AC02 3' UTR PROBE 1 - 381 ( 381 bps) 61 % 

151 

���- - - - --- - - - - - - - - - - - -I"-��'r���T�mIT�T GGGTTCAATTGCAATTGTTTTGAATTT�CA§GT�C�AAA-ATAGGc :: :.; ' : .- ; : :. � ' : : �'.; : ; : : : :  :.-.; :" ' : :', :: : : : :, : : �::;.. :.: .: : : : : : : : :: .-;'; .. , : � :: : : : :: : ;':':. : : :  

CAAG��9.AT���TTCTC��-��G��I��- - -���-- - - - - -��� 
ATGA��9--G��CATGC��AW�TW��GTT���TTTGTAA$�m@� 

C��ACT��IT�- - -- - -----���- - --- - - --- - - - ----- -�GWG�TG 
TT'l'TTAATAGATAAACGAAATtlTGTGTTAATACAAATTCACAc1tGTAAAT :: .. " -. ::.;.. : .-;- .-:::.: : : : . : . : : :': : : : : : : .... :.: : : : :.: : : . .... 

±�-GAA�Af:�WAAWAAAIA%A�mA-------���GW-----------
TGGCTTTGit@ATTTTCTTTTTTWTTGCTTGAGT,TCAACTCGTATAAATTT . . . .  . .  " ," .:-;.;.,.. . . . .  . . . . .  . . .. .  ... :.:-: .. . ....• ···-:-x-.·:x:·.·.-.·c.·.· · ·· · :-

Figure 45. N ucleotide alignment of 3'-UTRs of TR-AC01 and TR-AC02 sequences. 

Regions of homology are highl ighted in grey. 
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3.1 0.2 Specificity of TR-AC01 and TR-AC02 3'-UTR probes in blotting 
analysis 

152 

Initially, the specificity of TR-ACO l and TR-AC02 3'-UTR sequences as probes for their 

own sequence was examined in nucleic acid blotting analysis. Duplicate blots were probed 

with either [a._32p]_dCTP labelled TR-ACO l or TR-AC02 sequences and then washed at 

high stringency (0. 1 X SSPE, 0. 1 % (w/v) SDS at 65°C). At this stringency each sequence 

showed complete specificity for its corresponding sequence (Figure 46). 

3.1 0.3 Confirmation that the 3'-UTRs of TR-AC01 and TR-AC02 identify 
distinct genes 

Genomic Southern analysis was repeated using the 3 '-UTRs of TR-ACO l and TR-AC02 

as probes. Genomic DNA was cut separately with Hind Ill , Xba I or EcoRl ,  probed with 

either the 3 '-UTR of TR-ACO l or TR-AC02, and the blots washed at high stringency (0. 1 

X SSPE, 0. 1 % (w/v) SDS at 65°C). 

Initially, dCTP was the radio labelled nucleotide used, but the hybridisation detected was 

always very low, even if the autoradiograph was left for weeks before being developed 

(data not shown). This can be explained by the nucleotide composition of the probe 

sequences (Figure 45), in which the 3'-UTRs of both TR-ACO l and 2 are adenine/ thymine 

(AfT) rich. The 3'-UTR of TR-ACO l has 25 cytosine residues out of a total number of 

292 (i.e. 8 .6 %), while the 3'-UTR of TR-AC02 has 42 cytosines out of 38 1 ( 1 1  %). By 

contrast, the 3'-UTRs of TR-AC0 1 and 2 have 123 (42. 1 %), and 146 (38 %) adenine 

residues respectively. Therefore it was decided that the genomic Southern analysis would 

be undertaken with [a.-32p]-dATP labelled TR-AC01 and 2 probes. 

The 3'-UTR TR-AC01 probe hybridised to multiple genomic fragments in each lane of the 

Southern blot (Figure 47 A), and the hybridisation pattern was very similar to that 

recognised by the coding frame probe (TR-AC01 ;  Figure 47C). Additional genomic 

fragments were recognised in the lane digested with Hind Ill, but these can be explained by 

the presence of a Hind ' III restriction site in the 3'-UTR of the TR-ACO l sequence (see 

Figure 43). By contrast, the 3'-UTR TR-AC02 probe hybridised to single genomic 

fragments in each lane of the Southern blot (Figure 47B).  These fragments were a subset 

of those recognised by its cognate coding-frame region, TR-AC02 (Figure 47D). 

The multiple bands recognised by the 3'-UTR of TR-AC0 1 were not an artifact caused by 

incomplete digestion. This was shown when the 3'-UTR of TR-AC01 also recognised the 
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same (multiple band) hybridisation pattern on a stripped blot that the 3 '-UTR of TR-AC02 

had previously identified single bands on (and so the DNA was considered completely 

digested). 
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Figure 46. Specificity of TR-AC01 and TR-AC02 3'·UTRs in blotting analysis. 
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Non specific hybridisation was removed by washing at high stringency (0. 1  X SSP E ,  0. 1 % (w/v) 

SOS at 65 °C). 
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Figure 47. Genomic Southern blot analysis of ACC oxidase genes. A comparison 

of hybridisation patterns obtained with coding frame regions and 3'·UTRs of TR­

AC01 and TR-AC02. 

A. Membrane probed with [a-32P]-dATP labelled 3'-UTR of TR-AC01 . 

B. Membrane probed with [a_
32

P]_dATP labelled 3'-UTR of TR-AC02. 

c. Membrane probed with [a_
32

P]_dCTP labelled coding frame region of TR-AC01 (from 

Figure 34). 

D .  Membrane probed with [a-
32

P]-dCTP labelled coding frame region of TR-AC02 (from 

Figure 34) 

Membranes were washed at high stringency (0. 1 X SSPE, 0 . 1  % SDS at 65 °C ) to 

remove non-specific binding. Lane 1 .  DNA digested with EcoR1 ,  Lane 2, DNA digested 

with Hind I l l ,  Lane 3. DNA digested with Xbal .  Molecular weight markers are il1dicated. 
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The 3'-UTRs of TR-AC01 and 2 were found to be more divergent in sequence than their 

corresponding coding-frame regions. These regions therefore, when used as probes, were 

more likely to be gene specific. This appeared to be confirmed in Southern analysis by the 

hybridisation of the 3'-UTR of TR-AC02 to a subset of the fragments recognised by its 

cognate coding frame region. This may mean that there are two closely related but distinct 

TR-AC02 genes in the genome. 

Of further interest then, is whether the 3'-UTR of TR-AC02 will still hybridise to two 

RNA transcripts on the northern blot as did its cognate coding frame region. The next 

section reexamines the gene expression of both TR-AC0 1 and TR-AC02 during leaf 

maturation and senescence using the 3'-UTRs as probes. 

3.1 0.4 Changes in gene expression of ACC oxidase during leaf maturation 
and senescence using the 3'-UTRs of TR-AC01 and TR-AC02 as probes 

Northern analysis was performed on PolyA+ RNA isolated from leaves 4 to 1 6  and probed 

with either [a-32P]-dCTP labelled 3'-UTR of TR-AC0 1 or TR-AC02. 

The 3'-UTR of TR-AC0 1 hybridised to a single RNA transcript of the same size (ca. 1 .35 

Kb) as recognised by its cognate coding frame region (Figure 48B) .  The levels of this 

transcript were comparatively high in mature green leaves (leaves 4 to 8), but declined as 

the leaves became chlorotic (leaves 9 to 16) being virtually undetectable at leaves 1 1  to 1 6. 

The 3'-UTR of TR-AC02 hybridised to a single RNA transcript of ca. 1 .35 Kb (Figure 

48B), in contrast to the two RNA transcripts (ca. 1 .35 and ca. 1 . 17 Kb) recognised by its 

cognate coding frame region (see Figure 38). The levels of the transcript were 

comparatively low in mature green leaves (leaves 4 to 8), but increased in chlorotic leaves 

(leaves 1 0  to 1 6) .  This pattern of expression is the same as that recognised by its cognate 

coding region. The transcript accumulation patterns of TR-AC0 1 and TR-AC02 were not 

caused by unequal loading of the RN A into the gel as staining the RN A in the gel with 

ethidium bromide indicated that equal quantities of Poly A+ RNA had been fractionated in 

each lane (Figure 48C) . .  
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Figure 48. Chlorophyll analysis and northern analysis of ACC oxidase gene 

expression during leaf maturation and senescence using the 3'-UTRs of TR-AC01 

and TR-AC02 as probes. 

A. Concentration of chlorophyll in leaves used for northern analysis. 

Error bars = ± 1 sem for 2 internal replicates. 

B. RNA isolated from leaves 4 to 1 6  and hybridised to either the [a-
32

P]-dCTP label led 

3'-UTR of TR-AC01 or 2 (as labelled). Membranes were washed at high stringency. 

(0. 1 X SSPE, 0 . 1  % (w/v) SOS at 65 CC ) .  Sizes of the transcripts are indicated to 

the right of the blots in Kb. 

C. RNA gel used for northern analysis stained with ethidium bromide. 
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The steady state levels of the TR-AC0 1 transcript were consistent with ACC oxidase 

activity in vitro which was high in leaves 4 to 1 0  and then declined to be lowest by leaf 16 .  

However, expression of TR-AC02 which is abundant in chlorotic tissue did not coincide 

with measurable ACC oxidase activity. Since ACC oxidase activity in vitro (see Figure 

56B) was measured from the same powdered tissue as used for the northern analysis with 

the 3 '-UTRs (Figure 48), it appears that the isoenzyme encoded by TR-AC02 does not 

contribute to measured activity in vitro of ACC oxidase in the chlorotic tissue. The ACC 

oxidase coded for by TR-AC02 does contain all the residues hitherto considered as 

important for activity (see Figure 29) . It may be, therefore, that the method being used to 

determine ACC oxidase activity in vitro does not measure activity of the enzyme encoded 

by TR-AC02, because the isoenzyme requires different extraction and! or assay conditions. 

The next section investigates whether the isoenzyme of ACC oxidase from chlorotic tissue 

has different extraction and assay requirements to the isoenzyme of the mature green leaf 

tissue, and whether this may explain the lower activity of ACC oxidase in vitro detected in 

the chlorotic leaf tissue. 

3.1 1 Extraction and assay requi rements for ACC oxidase activity 

in vitro of mature green and senescent leaf material 

Eleven different extraction regimes that had been compared previously for the ability to 

extract ACC oxidase from mature green tissue (see Figure 24) were now compared for 

their ability to extract ACC oxidase from chlorotic tissue (Figure 49) . The highest 

recovery of ACC oxidase activity in the chlorotic leaf material was achieved with the same 

extraction buffer used to recover the highest amount of enzyme from the mature green 

tissue (0. 1 M Tris-HCl, pH 7.5/ 10  % (v/v) glycerol! 2 mM DTT/ 30 mM ascorbate). The 

buffer that was least effective (ca. 4.5-fold less) for recovery of activity from chlorotic 

tissue was again the Tris/ glycerol buffer with no added components. The extract made 

from chlorotic tissue was always browner in colour than the extract made from mature 

green leaf tissue. Browning of extracts is often a characteristic of polyphenolic production 

(Loornis,  1 974). 



Results tOO 

A 100 .-______________________________________________________ -, 

160 
� .- 140 > .. � 120 
QJ :: 100 

" .� 80 
0 60 � 
'?fl. 4O  

20 
o 

B � r-
---------------------------------------------------, 

100 
b 160 "> 
0 140 
ca 
: 120 
ca :2 1 00 )( o 80 o 
� 60 
'?fl. 40 "1"":='::1 

20 
o 

Figure 49. A comparison of extraction requirements of mature green and 

senescent leaves for recovery of ACC oxidase activity in vitro. 

A. Effect of extraction regime on recovery of ACC oxidase from mature green leaves. 

Error bars = ± 1 sem for 3 intemal replicates of 4 independent experiments. 

8. Effect of extraction regime on recovery of ACC oxidase from senescent leaves. 

The experiment was perfonned once in triplicate. 

The concentrations of the reagents used are: 0 .1  M Tris-HCI, pH 7.5, 1 0  % (w/v) 

glYCerol, 2 mM OTT, 2 % (w/v) PVPP, 30 mM sodium ascorbate, 20 J-lM iron sulphate, 

30 mM sodium bicarbonate, 0.1 % (v/v) Trtion X-1 00 .  
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These compounds such as flavanoids and tannins can inhibit enzyme activity by H-bonding 

with peptide bond oxygens, or by covalent modification of amino acid residues, such as 

thiol groups, hydroxyls and primary amines (Gegenheimer, 1990). Inclusion of phenol 

adsorbants such as insoluble PVPP in the extraction media can aid recovery of active 

enzyme (Loomis, 1974; Gegenheimer, 1 990). However, inclusion of PVPP did not 

increase recovery of ACC oxidase from chlorotic leaf tissue. 

To determine whether the lower enzyme activity measured in the chlorotic tissue (leaves 1 0  

t o  1 6, see Figure 26) was due t o  the conditions of the assay being more optimal for activity 

of the enzyme from mature green tissue, pH, cosubstrate and cofactor concentrations were 

altered and the effect on activity of enzyme extracts from both tissues was compared 

(Figure 50 and 5 1 ) .  The lower activity of the chlorotic extract was not because it required 

a different pH for optimal activity, as ACC oxidase activity in vitro from chlorotic tissue 

had the same pH optima (7.5) as that of the mature green tissue (Figure 50). The lower 

activity of the chlorotic extracts also was not due to the enzyme in these extracts requiring 

different concentrations of cosubstrates and cofactors compared with the mature green 

extracts, because the effect of altering their concentration on activity was similar for 

extracts of both tissues (Figure 5 1 ). Activity from both tissue extracts showed a rather 

broad optima for bicarbonate ( 1 0  to 50 mM), ascorbate (30 to 90 mM), and iron (40 to 80 

JlM). 

An earlier result (Figure 19) had suggested that the enzyme in the chlorotic extract was 

more unstable than the enzyme in the mature green extract when the extracts were kept at 

O°C (ice) for 3 h before assay. The greater instability of the enzyme of the chlorotic 

extracts was now confirmed in another experiment (Figure 52) where it was found that the 

enzyme activity in the chlorotic extract kept on ice for three and six hours before assay 

decreased by 12.5 % and 24 % respectively, while over the same time period the enzyme 

activity in the mature green extract did not change. The loss of activity with storage 

suggests that loss of enzyme activity may be influenced by the time the tissue is extracted 

for. However, there was only a very small decline in extractable activity from chlorotic 

tissue after one hour compared to the amount extracted after 15  min (the time over-which 

most activity could be extracted for (Figure 53)). Since leaf tissue had routinely been 

extracted for 45 min in the previous assays, any decline in activity due to time of extraction 

would not be enough to explain the difference in activity in vitro of the chlorotic and 

mature green tissue extracts. 
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Figure 50. Effect of assay buffer pH on ACC oxidase activity measured in vitro. 

A. ACC oxidase extracted from mature g reen leaves and assayed under different pH 

conditions. 

B. ACC oxidase extracted from senescent leaves and assayed under different pH 

conditions. 

(----) 50 mM MOPS buffer, pH 6.5 to 7.5; (-e-) 50 mM Tris-HCI buffer, pH 7.5 to 8.5. 

Error bars are ± 1 sem for 3 internal replicates of 2 independent experiments. 
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Figure 51 . Cofactor and cosubstrate requirements for ACe oxidase extracted 

from mature green and chlorotic leaves. 

A. Effect of varying sodium bicarbonate concentration. 

B .  Effect of varying sodium ascorbate concentration . 

c. Effect of varying iron sulphate concentration. 

(-e--) Mature green leaves; (--.--) Senescent leaves. 
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Where indicated the error bars are ± 1 sem for 3 internal replicates of 3 independent 

experiments. 
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Figure 52. Activity of ACC oxidase after incubation on ice. 

6 

Leaf tissue extracts were incubated on ice for up to 6 h before subsequent assay of 

ACC oxidase activity. (--e--) Mature green leaves; (-_--) Senescent leaves. 

Error bars are ± 1 sem for 3 internal replicates of a single experiment. 
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Figure 53. Effect of extraction time on recovery of ACC oxidase. 

60 

Mature green and chlorotic leaves were extracted for 1 0  to 60 min and activity 

measured. 

A. ACC oxidase activity expressed on a per unit fresh weight basis. 

B. ACC oxidase activity expressed on a per unit protein basis. 

(--e-) Mature g reen leaves; (--.--) Senescent leaves. 

Error bars where indicated are ± 1 sem from 2 independent experiments. 
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This study has so far shown that the activity of ACC oxidase in vitro declines as the leaf 

tissue becomes chlorotic, and that the pattern of activity correlates well with TR-AC01 ,  

but not TR-AC02 gene expression. Attempts to explain the comparatively low ACC 

oxidase activity in vitro of the chlorotic leaf extract, by finding factors in the extraction and 

assay that were not optimal for activity of chlorotic tissue, but were for mature green, were 

unsuccessful. The enzyme in the chlorotic tissue extract had the same extraction and assay 

requirements as the enzyme in the mature green tissue extract. Apparently, increased TR­

AC02 gene expression does not result in increased measurable activity in vitro of ACC 

oxidase in the chlorotic tissue. Further aspects of the extraction and assay could be studied 

to provide a reason for the lower activity of the chlorotic extract, including testing for 

inhibitory compounds in the chlorotic tissue, and purifying the putative isoenzymes from 

each tissue and measuring activity. However, an alternative approach (which may be 

independent of extractable activity) is to measure the pattern of protein accumulation of 

ACC oxidase during leaf maturation and senescence using antibodies. Western analysis is a 

well established method for determining changes in protein accumulation. It has been used 

to study the changes in ACC oxidase protein accumulation in tomato leaves after wounding 

where a strong correlation between increased transcript (ACO 1 )  and increased protein 

accumulation and activity in vitro of ACC oxidase was found (Barry, et ai., 1 996). 

The next section describes the production of polyclonal antibodies to the translated 

products of TR-ACOl and TR-AC02 expressed in E. coli and the results obtained from 

using these antibodies to examine accumulation of ACC oxidase protein during leaf 

maturation and senescence. 

3.1 2 Protein accumulation of ACC oxidase d u ri ng leaf maturation 

and senescence 

The pPRoEX TM - 1  protein expression system was used to produce the translated products 

of TR-AC01 and TR-AC02 (see section 2.2. 10. 1 ). This involved ligating the sequences 

into the pPRoEX vector, transforming the vector into a suitable bacterial host and inducing 

the host to translate the sequences. The translated proteins (that are fused to a sequence of 

six histidine residues) were then purified (using the His-tag) by metal-chelate affinity 

chromatography, and used as antigens for inoculation into rabbits (TR-ACO l )  or rats (TR­

AC02),  after which antibodies were collected and used in western analysis for 
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identification and quantification of ACC oxidase protein accumulation during leaf 

maturation and senescence. 

3.1 2.1 Directional cloning of TR-AC01 and TR-AC02 into the pPRoEX 

vector 

3. 12. 1. 1  Preparation of cDNA inserts of TR-AC01 and TR-AC02 by 
attachment of restriction sites to their 5' and 3'  ends 

The coding frame regions of TR - ACO 1 and TR -AC02 were prepared for directional in­

frame cloning into the multiple cloning site of pPRoEX by using PCR to attach restriction 

sites to the ends of these sequences. The forward primer (ACOFE, see Figure 1 1 ) 

contained an EcoRl restriction site at its 51-end, whilst the reverse primer (ACORH, see 

Figure 1 1 ) contained a Hind ill site. Column-purified plasrnids containing TR-ACO l and 

TR-AC02 sequences were used as the template for amplification. After amplification the 

fragments of the expected size were gel- and column-purified, and the ends digested with 

EcoRl and Hind ID in preparation for ligation. 

3. 12. 1.2 Preparation of pPRoEX vector for ligation by digestion with EcoR1 
and Hind 11/ restriction enzymes 

Prior to ligation, the pPRoEX vector was column-purified and the plasmid then cut in its 

multiple cloning site (see Figure 5) with EcoRl and Hind III restriction enzymes to provide 

complementary ends for in-frame insertion of the similarly cut TR-ACO l and TR-AC02 

sequences. After ligation of the TR-ACOl and TR-AC02 sequences into pPROEX, the 

recombinant pPRoEX vectors were transformed into E. coli strain DH Sa, and the presence 

of the insert of appropriate size (ca. 840 bp) confirmed by restriction digestion (data not 

shown) 

The bacteria were then induced to translate the TR-ACO l and TR-AC02 sequences by 

incubation with IPTG. Initial attempts to induce expression of TR-ACOl and TR-AC02 

His-tagged fusion proteins in DH Sa were not successful as determined by the absence of 

an induced protein of the expected size (ca. 38 kDa) in the crude bacterial protein extracts 

(data not shown) . Therefore, the recombinant pPRoEX vectors (containing TR-ACO l and 

TR-AC02 sequences) were subsequently transferred into two new strains of E. coli, TB- l  

and BL-2 1 ,  as other fusion proteins have been shown to be stable in these genetic 

backgrounds (Daniel Jeffares, Institute of Molecular BioSciences, Massey University, NZ, 

pers. comm.) .  No fusion proteins were detected in strain BL-2 1 after induction (data not 
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shown), but the E. coli strain TB- l could be induced to produce fusion proteins of ca. 38 

kDa (TR-ACOl ;  Figure 54A, lanes 3 to 5) and ca. 39 kDa (TR-AC02; Figure 54B, lanes 1 

and 3) .  These are approximately the sizes predicted from translation of the coding frames 

of TR-AC O l  (35 474 kDa) and TR-AC02 (36 250 kDa) with the associated polylinlcer of 

pPRoEX (3 386 kDa); i.e. TR-AC01 (38 860 kDa) and TR-AC02 (39 636 kDa). 

3.1 2.2 Purification of TR-AC01 and TR-AC02 His-tagged fusion proteins in 
preparation for animal inoculations 

After confIrmation that the strain TB- l  could be induced to produce TR-ACO l and TR­

AC02 His-tagged fusion proteins of the expected size, the procedure was scaled up and 

the induced proteins were purified from the crude bacterial extract by metal chelate affinity 

chromatography. 

The elution profile obtained from the affinity colurrm for the TR-AC02 fusion protein is 

shown in Figure 55A. The colurrm fractions containing the fusion protein were identified 

by SDS-PAGE. The TR-AC02 fusion protein eluted mainly in colurrm fractions 3 to 7 

(Figure 55A, lanes 3 to 7; data for TR-ACO l not shown) and these were pooled and the 

protein content measured. A total of 1 .67 mg of TR-AC02 fusion protein was obtained 

from a l L  broth of TB- l  bacteria harboring the TR-AC02 sequence, and a total of 3 . 1 mg 

of TR-ACO l protein was obtained from a 2 L broth of TB- l  bacteria harboring the TR­

ACO 1 sequence. In addition to the induced band of ca. 37 kDa, a lower band of 

approximately 29 kDa was detected by SDS-PAGE. This has been identified previously as 

a nickel binding protein common to strains of E. coli (M. T. McManus, pers. comm.). 
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Figure 54. Induction of TR-AC01 and 2 fusion proteins within  the genetic 

background of E. coli strainTB-1 .  

A. SOS-PAGE analysis of TR-AC01 induction. 

Lane 1 . 3 �L BioRad pre-stained markers (molecular weights are indicated) .  

Lane 2 .3 �L of TB-1 protein after induction for 0 h .  

Lane 3.3 �L of TB-1 protein after induction for 1 h. 

Lane 4.3 �L of TB-1 protein after induction for 2 h .  

Lane 5 .3 �L of TB-1 protein after induction for 3 h. 

The arrow denotes the position of the induced TR-AC01 fusion protein.  

B. SOS-PAGE analysis of TR-AC02 induction. 

Lane 1 . 3 �L of TB-1 protein after 3 h i nduction 

Lane 2.3 �L of TB-1 protein after 0 h induction. 

Lane 3.3 �L of TB-1 protein after 3 h induction. 

Lane 43 �L of TB-1 protein after 0 h induction. 

Lane 5.3 �L BioRad pre-stained markers (molecular weights are indicated) .  

The arrow denotes the position of the induced TR-AC02 fusion protein .  
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Figure 55. Identification of column fractions that contained the induced TR-AC02 

fusion protein. 

A. SOS-PAGE of column fractions contain ing affinity purified TR-AC02 fusion protein .  

Lane 1 . 3 \-IL Biorad pre-stained markers (molecular weights are indicated) .  

Lane 2 5 \-IL  fraction 1 .  

Lane 3 .5  \-IL fraction 2 . ,  ca. 1 I-Ig TR-AC02. 

Lane 4 .5 \-IL fraction 3. , ca. 2.65 \-Ig TR-AC02. 

Lane 5 .5  \-IL fraction 4. , ca. 2.05 \-Ig TR-AC02. 

Lane 6 .5  \-IL fraction 5 . ,  ca. 1 .71 \-Ig TR-AC02. 

Lane 7 .5  \-IL fraction 6., ca. 1 I-Ig TR-AC02. 

Lane8. 5  \-IL fraction 7. 

B. Size comparison of affinity purified TR-AC01 and 2 proteins. 

Lane1 . 3 \-IL Biorad pre-stained markers. (molecular weights are indicated).  

Lane 2.3 \-IL pooled TR-AC02 protein,  (ca. 1 I1g ) . 

Lane 3.3 \-IL pooled TR-AC01 protein,  (ca. 1 .47 I1g). 
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3.1 2.3 Confirmation that the fusion protein is the translation product of TR­
AC01 

Amino acid sequencing of trypsin digested fragments of the TR-AC01 fusion protein 

identified a sequence of seven amino acids (H-T -D-A-G-G-I) that could be found within 

the deduced translated sequence of TR-AC0 1 (see Figure 28), which confirmed that the 

TR-AC01 sequence had been translated in-frame in E. coli. The TR-AC02 protein was 

not sequenced, but the size (ca. 38 kDa) was approximately the size expected from the 

translation of the TR-AC02 sequence (sequence analysis showed that had it not been 

inserted in-frame, stop codons would have produced severely truncated proteins) . Further, 

polyclonal antibodies eventually made to the TR-AC02 fusion protein cross reacted with 

the TR-AC0 1 fusion protein (Mr Sang Dong Yoo, Institute of Molecular BioSciences, 

Massey University, NZ, pers. comm.) .  

3.1 2.4 Polyclonal antibody production to TR-AC01 and TR-AC02 His­
tagged fusion proteins 

It was predicted that the polyclonal antibodies raised against the TR-AC01 and TR-AC02 

fusion proteins would cross-react due to the high similarity of their deduced amino acid 

sequences (see Figure 3 1 ) .  However, it was hoped that they may recognise their target 

proteins with more avidity (and hence produce a higher detection signal) . To increase the 

likelihood of this, antibodies were raised in different immune systems, rabbits for TR­

AC0 1 ,  and rats for TR-AC02, as the immune systems of these animals might be more 

responsive to a different set of antigenic determinants. The His-tag was not removed prior 

to injection of the proteins into either of the animals as it has been shown previously to be a 

poor antigenic detenninant (M. T. McManus pers. comm.) 

Western analysis (section 2.2. 1 0) was then performed on the same tissue previously used in 

northern analysis with the 3 '-UTRs of TR-AC0 1 and TR-AC02 as probes (see Figure 48). 

Prior to western analysis, changes in chlorophyll concentration, protein concentration, and 

ACC oxidase activity was also measured. 

3.1 2.5 Changes in chlorophyll concentration, protein concentration and 
ACC oxidase activity d uring leaf maturation and senescence 

The concentration of protein in the leaves started to decline in leaf 10 which was the leaf 

where chlorophyll levels had clearly begun to decrease (Figure 56A). ACC oxidase activity 

in vitro was greatest in leaves 4 to 1 0  (mature green) and also declined around the onset of 
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chlorosis (leaf 1 1 ; Figure 56B). Again the decline was greater when expressed on a per 

gram fresh weight basis (ca. 7-fold) compared to per milligram protein (ca. 3-fold). 

3.1 2.6 ACC oxidase protein accumulation during leaf maturation and 

senescence 

Changes in accumulation of ACC oxidase protein during leaf maturation and senescence 

were examined by western analysis (section 2.2. 10) .  One hundred microgram aliquots of 

protein extracted from leaves 4 to 1 6  were fractionated in an 8 - 15  % gradient SDS-PAGE 

gel, transferred to a PVDF membrane and the putative ACC oxidase protein detected with 

polyclonal antibodies raised either to the fusion proteins of TR-ACO l or TR-AC02. 

The antibodies raised against the TR-ACO l fusion protein recognised a protein of ca. 3 6.4 

kDa (as determined by gradient SDS-PAGE) (Figures 56B and 57) which is in the range 

reported for ACC oxidases of other organisms (36 to 4 1  kDa). The pattern of protein 

accumulation detected by the TR-ACO l antibodies is seen most clearly using image 

analysis to quantify signal intensity (Figure 57C). The protein was highest in leaves 4 to 10 

(before the onset of chlorosis at leaf 1 1 ) and then declined as the leaves became chlorotic 

(refer Figure 56A). This broadly matched both the transcript accumulation of TR-ACOl 

(see Figure 48B) and the detectable ACC oxidase activity in vitro for the same leaf tissue 

(Figure 57 A). 

Antibodies raised against the TR-AC02 fusion protein did not recognise a protein in leaves 

4 to 1 6  that had a pattern of accumulation consistent with TR-AC02 transcript 

accumulation. The antibodies did recognise a protein in the leaf extracts that had both the 

same size (ca. 36.4 lcDa) and pattern of accumulation, as that recognised by the TR-ACO l 

raised antibodies. However, a longer time was necessary in order to detect the protein by 

the GARAP (goat -anti-rat -alkaline phosphatase) reaction. Taken together, these 

observations suggest that the antibodies raised against the TR-ACO l and TR-AC02 fusion 

proteins recognise the same protein in the plant extracts, particularly since it has been 

shown also that each antibody is able to recognise the fusion protein from both genes. 
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Figure 56. Chlorophyll concentration, protein concentration and ACC oxidase 

activity of mature and senescent leaves. 

A. (-e--) Chlorophyll concentrations. 

(-----) Protein concentration. 

B. . (-e--) ACC oxidase activity in vitro expressed on a per unit fresh weight basis. 

(--. --) ACC oxidase activity in vitro expressed on a per unit protein basis. 

Where indicated the error bars are ± 1 sem for 3 internal replicates. 
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Figure 57. Changes in activity and protein accumulation of ACC oxidase during 

leaf maturation and senescence. 

A. ACC oxidase activity in vitro of the leaf extracts used for western analysis. 

B. Immunodetection of ACC oxidase with antibodies raised against TR-AC01 and 2 His­

tagged fusion proteins. 

C. Quantitation of the levels of ACC oxidase detected by the polyclonal antibodies using 

image analysis . 
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Figure 58. Calculation of the molecular weight of ACC oxidase protein. 

The distance that the protein (recognised by the polyclonal antibodies raised against the 

TR-AC01 protein) traveled was compared to the distance traveled by the molecular 

weight markers (Pharmacia). The graph was plotted with SlideWrite TM and the l inear 

model of the programme together with the Function Evaluator used to estimate the size 

of the ACC oxidase protein .  

The arrow denotes both the d istance the ACC oxidase protein  migrated in the gel  and 

the estimation of its molecular weight. 
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Hitherto, this study has not been able to show, either by protein accumulation using 

antibodies or ACC oxidase activity in vitro, a pattern that matches with TR-AC02 

transcript accumulation in chlorotic tissues. Both accumulation of ACC oxidase protein 

and changes in ACC oxidase activity during leaf maturation and senescence (as judged by 

chlorosis) can be correlated only with the expression of the TR-ACOl transcript. 

More information on the influence of TR-AC02 gene expression on ACC oxidase protein 

accumulation and activity may be gained by inducing and studying this gene transcript in 

non-chlorotic tissue. In tomato, a senescence (chlorotic) -associated ACC oxidase 

isoenzyme in leaf tissue was the isoform induced by mechanical wounding of mature green 

leaf tissue, and increased transcript accumulation was correlated both with increased 

protein accumulation and ACC oxidase activity in vitro (Barry et al., 1 996). Therefore, it 

may be possible to increase preferentially the expression of the senescence-associated 

isoform (TR-AC02) in mature green tissue of white clover by mechanically wounding the 

tissue. Protein accumulation and activity of ACC oxidase may then be measured away 

from factors in the chlorotic tissue that may be interfering with the measurement of protein 

accumulation and activity of ACC oxidase. 

The next section examines the effect of wounding (attached and detached) tissue on 

ethylene evolution, levels of transcript, and protein, and activity of ACC oxidase. 

3.1 3 Exogenous control of ACe oxidase expression i n  leaf tissue 

of white clover 

3.1 3.1 Ethylene evolution of detached wounded leaves 

Mature green leaves that were detached, wounded (section 2. 1 .5) and incubated in the dark 

evolved ca. 1 nL g-! FW h-! ethylene for up to 1 h after wounding. The rate of ethylene 

production then increased to peak at 7 nL g-! FW h-! , 1 .5 to 2 h after the initial wounding 

stimulus and then declined to be close to initial levels by 5 .5 to 6 h (Figure 59A). 

3.1 3.2 Changes in ACC oxidase gene expression in detached wounded 
leaves 

Changes in TR-ACO l and TR-AC02 gene expression were examined over a six hour time 

period.  Total RNA was isolated from leaves at 0, 0.5, 1 ,  2, 3 ,  and 6 h after wounding, and 
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probed with [a_32P]_dCTP labelled 3'-UTRs of TR-ACOl and 2 .  Non hybridised label was 

removed by washing the blots at high stringency (0. 1 X SSPE, 0. 1 %SDS at 65 °C). 

The 3'-UTR of TR-ACO l hybridised faintly to a single 'RNA transcript (Figure 59B). The 

levels of this transcript remained similar up to 3 h after wounding, but by 6 h the transcript 

was no longer detectable. The 3'-UTR of TR-AC02 also hybridised to a single RNA 

transcript (Figure 59C). No hybridisation could be detected before 2 h, but from 2 to 6 h 

the transcript accumulated greatly. Ethidium bromide staining of the RNA gels used for 

northern analysis confirmed that the increase in transcript accumulation of TR-AC02 was 

not a result of the unequal loading of RNA (Figure 59D). 

3.1 3.3 Changes in ACC oxidase activity in detached wounded leaves 

ACC oxidase activity measured in vitro did not increase in the detached wounded leaves 

despite the large increase in the accumulation of the TR-AC02 transcript (Figure 59A). 

There was a transient increase in enzyme activity 0.5 h after wounding (from ca. 32 to 47 

nL mgl prot. h'\ but this occurred prior to the increase in the levels of the TR-AC02 

transcript. ACC oxidase activity was lowest when transcript levels of TR-AC02 were 

highest (i.e. at 6 h after wounding). Activity at this time point appeared to correlate more 

closely with TR-ACOl gene expression which was no longer detectable at this time. 

3.1 3.4 Changes in ACC oxidase protein accumulation in detached wounded 
leaves 

Changes in the accumulation of ACC oxidase protein were examined by immunodetection 

with antibodies raised to TR-ACO l or TR-AC02 fusion proteins. 

The antibodies raised against the TR-ACOl fusion protein recognised a protein on the 

western blots of ca. 36 kDa (Figure 59E) . The levels of this protein remained similar 

throughout the 6 h time period. Similarly, the antibodies raised against the TR-AC02 

fusion protein recognised a protein of ca. 36 kDa (Figure 59F), but the recognition in 

contrast to TR-ACO l ,  was comparatively weak (as determined by the time required for 

detection by the GARAP reaction). The levels of this protein, like that recognised by the 

TR-ACO l antibodies, also did not change significantly over the 6 h time period. The lack 

of change in levels of the 36 .4 kDa protein over the 6 h time period was not an artifact 

caused by unequal protein loadings in the lanes as judged by the equivalence in staining of a 

duplicate protein gel (Figure 59G). It appears then, that the antibodies raised against the 
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TR-AC02 protein are recognising the TR-ACOl protein, and that there is little evidence 

that increased gene expression of TR-AC02 either in chlorotic or wounded mature green 

extracts leads to either increased protein accumulation or activity of ACC oxidase. 
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Figu re 59. Effect of wounding detached mature green leaves on ethylene 

evolution, ACC oxidase activity in vitro, TR-AC01 and TR-AC02 gene transcripts 

and ACC oxidase protein accumulation 

A. ( -- . --) Ethylene evolution. 

( - -e--) ACC oxidase activity in vitro of detached wounded mature green leaves. 

B. Transcript accumulation of TR-AC01 in detached wounded mature g reen leaves. 

The size of the transcript is indicated . 

C. Transcript accumu lation of TR-AC02 in detached wounded mature g reen leaves. 

The size of the transcript is indicated .  

D.  Visualisation of R NA on northern ge l  by ethidium bromide staining .  Ge ls  for TR­

AC01 and TR-AC02 are as ind icated. 
, 

E.  Protein accumulation of ACC oxidase recognised by the polyclonal antibodies raised 

against the TR-AC0 1  protein .  

F.  Protein accumulation of ACC oxidase recognised by the polyclonal antibodies raised 

against the TR-AC02 protein .  

G.  Dupl icate protein gel stained with CBB. 
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3.1 3.5 Changes in ethylene evolution in non-wounded detached leaves 

To act as a control, a set of detached non-wounded mature green leaves were subjected to 

the same analysis (Figure 60A). Unlike the wounded leaves, there was no peak in the rate 

of ethylene production after 1 .5 to 2 h, but instead the rate of ethylene production 

increased gradually over 6 h time period to be highest at 6 h. However, the levels of 

ethylene evolution at this time were still not higher than the basal levels of ethylene 

production in the wounded leaves observed at 0.5 and 1 h after wounding (see Figure 

59A). 

3.1 3.6 Changes in ACC oxidase gene expression in non-wounded detached 
leaves 

The pattern of gene expression in the non-wounded detached leaves was the same as that 

observed for the wounded leaves over the 6 h period (Figures 59B and C). The 3 '-UTR of 

TR-ACO l hybridised faintly to a single RNA transcript whose expression remained similar 

up to 3 h after leaf detachment, but by 6 h the transcript was no longer detectable (Figure 

60B).  The 3'-UTR of TR-AC02 also hybridised to a single RNA transcript. Similar to the 

wounded leaves, no hybridisation of this transcript could be detected up to 2 h after 

detachment, but after 2 h there was a huge-fold increase in the levels of the transcript 

(Figure 60C). Again, ethidium bromide staining of the RNA gels used for northern analysis 

confirmed that the increase in transcript accumulation of TR-AC02 was not a result of the 

unequal loading of RNA (Figure 60D). 

3.1 3.7 Changes in ACC oxidase activity in non-wounded detached leaves 

ACC oxidase activity in the detached non-wounded leaves remained around 32 nL mg-1 

prot. h-1 throughout the 6 h, except at 2.5 to 3 h where it increased transiently to 43 nL 

mg-1 prot. h-1 (Figure 60A). However, by 6 h the activity had declined again, and therefore, 

did not correlate with the induction of the TR-AC02 gene transcript. 

3.1 3.8 Changes in ACC oxidase protein accumulation in  non-wounded 
detached leaves 

The antibodies raised against TR-ACOl recognised a protein in non-wounded leaves 

similar to that recognised in wounded, and again the accumulation of this protein did not 

change significantly over 6 h time period (Figure 60F). Similarly, the antibodies raised 

against TR-AC02 recognised a protein in non-wounded detached leaves similar to that 



182 Results 

Figu re 60. Effect of detachment of mature green leaves on ethylene evolution, ACC 

oxidase activity in vitro, TR-AC01 and TR-AC02 gene transcripts and ACC oxidase 

protein accumulation 

A.  (--. --) Ethylene evolution . 

( - -e--) ACC oxidase activity in vitro of detached mature g reen leaves. 

B .  Transcript accum ulation of TR-AC01 in  detached matu re g reen leaves. 

The size of the transcript is ind icated. 

C. Transcript accum ulation of TR-AC02 in  detached matu re g reen leaves. 

The size of the transcript is indicated.  

D. Visual isation of RNA on northern gel by ethidium bromide sta in ing. Gels for TR­

AC01 and TR-AC02 are as indicated . 

E. Protein accumulation of ACC oxidase recognised by the polyclonal antibodies raised 

against the TR-AC01 protein .  

F.  Protein accumulation of ACC oxidase recognised by the polyclonal antibodies raised 

against the TR-AC02 protei n .  

G.  Dupl icate protein gel stained with CBB. 
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recognised in wounded (Figure 60E). The levels again remained similar over the 6 h time 

period and did not correlate, therefore, with the induction of TR-AC02 expression. The 

equivalence of protein loading was again confirmed with a duplicate protein gel (Figure 

60G). 

Taken together, the results from both detached wounded and detached non-wounded 

leaves suggest that the levels of the senescent-associated gene transcript, TR-AC02, can be 

elevated in mature green leaves 2 h after leaf detachment. By contrast, the level of the TR­

ACO 1 transcript is not elevated in mature green leaves after detachment. However, no 

increase in protein accumulation or activity of ACC oxidase could be correlated with the 

increase in TR-AC02 gene expression, despite the increase now being observed in mature 

green tissue (not chlorotic) .  

One of the findings of the above experiment was that the act of leaf detachment appeared 

to be sufficient to induce gene expression of the TR-AC02 transcript, and that the 

induction may be independent of ethylene. To provide further evidence that the wounding 

stimulus acts independent of ethylene, the experiment was repeated, but with the inclusion 

of an ethylene adsorbing compound, PurafIl. 

3.1 3.9 The effect of an ethylene adsorbing compound on TR-AC02 gene 
expression and ACC oxidase activity in detached mature green leaves. 

The ability of Purafil to delay an ethylene-mediated process (chlorophyll loss) in leaves of 

white clover, genotype lOF, has been documented (Butcher, 1 997). Therefore, it might be 

expected that Purafil could delay the wound-induced induction of TR-AC02 gene 

expression if the induction is mediated by ethylene. 

To examine this, the previous experiment was repeated except Purafil was included in two 

of the three treatments to adsorb ethylene. 

1 .  Detached non-wounded leaves incubated in presence of PurafIl. 

2. Detached wounded leaves incubated in presence of PurafIl. 

3 .  Detached wounded leaves. 

3.1 3.1 0 The effectiveness of Purafil in removing ethylene from around 
leaves 

Inclusion of Purafil in the containers was completely effective in preventing the wound­

induced 4.5-fold increase in ethylene production (from 1 .9 to 9.2 nL g-l FW h- 1 ) (Figure 
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6 1) .  However, it was not able to completely remove all traces of ethylene from around the 

tissue. A steady basal level of ethylene ( 1 .8 nL g.l FW h·l ) was observed for both non­

wounded and wounded leaves incubated with Purafil over the 6 h time period. 

In this experiment, unlike the previous one, leaves that were used for analysis of gene 

expression, and activity of ACC oxidase were not the leaves that were used for the 

measurement of ethylene evolution. Instead they were a duplicate set of leaves treated in 

parallel, except, as an added measure to minimise accumulation of ethylene, the leaves were 

never sealed in the containers. 

3.1 3.1 1 The effect inclusion of Purafil had on TR-AC02 gene expression in  
leaves 

Inclusion of Purafil in the containers did not delay the increase in TR-AC02 gene 

expression, despite being effective in preventing the peak in ethylene production in the air 
surrounding the leaves (Figure 62A) . The TR-AC02 gene transcript accumulated after 1 .5 

to 2 h in all three treatments, i.e. whether Purafil was present or not. Ethidium bromide 

staining of the RNA suggests that the loading was not completely equal in all lanes of this 

particular northern blot (Figure 62B).  However, on closer inspection of the loadings, it is 

clear that both the increase in gene expression and the timing of the increase is not due to 

unequal loading. 

3.1 3.1 2 The effect of Purafi l on ACC oxidase activity i n  leaves 

Wounded leaves incubated with Purafil, had consistently lower ACC oxidase activity (ca. 

22 nL mg·l prot h-l ) than either non-wounded leaves kept in containers with Purafil (ca. 50 

nL mg·l prot h-l ) or wounded leaves (ca. 50 nL mg-l prot h-l ) over the 6 h time period 

following wounding. (Figure 62C). However, there was no increase in activity in the 

leaves treated with Purafil concomitant with the induction of the TR-AC02 transcript. 
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Figure 61 . Ethylene evolution of detached wounded and non-wounded mature 

green leaves in the presence or absence of Purafil. 

(--e--) Detached non-wounded leaves incubated in the presence of Purafi l .  

(--A--) Detached wounded leaves incubated in the presence of Purafil .  

(--.--) Detached wounded leaves. 
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Figure 62. TR-AC02 gene transcript accumulation and ACC oxidase activity in 
vitro in detached wounded and non-wounded mature green leaves incubated with 

or without Purafil. 

A. Transcript accumulation of TR-AC02. The size of the transcript is indicated to the 

right of the figure. 

B. RNA stained by ethidium bromide. 

c. ACC oxidase activity in vitro in the same tissue used for the northern analysis. 

(--e--) Wounded leaves incubated with Purafi l .  

(--.--) Wounded leaves incubated without Purafil .  

(--A--) Detached non-wounded leaves incubated with Purafil .  
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The inability of Purafil to delay the increase in the TR-AC02 gene transcript in detached 

mature green leaves suggests that the increase of this gene transcript may be independent of 

ethylene. However, PurafIl was not able to remove completely all the ethylene from around 

the leaves. Furthermore, these experiments were performed on detached leaves incubated 

in the dark, and it has been shown with leaves from other species that these conditions (a 

common way of inducing chlorosis) can alter the pattern of gene expression of that 

observed in planta (Becker and Apel, 1993). Therefore, the next experiments were 

performed on mature green leaves still attached to the stolon and focus on the control of 

transcript expression under physiological conditions rather than the induction (by any 

means) of expression of TR-AC02 in mature green leaves. In addition, PurafIl was 

replaced by the ethylene action inhibitor 1 -MCP to more closely investigate the effect of 

wound-induced ethylene production. Recently, 1 -MCP has been used in melon leaves to 

show that the wound induced increase in ACO 1 expression is independent of ethylene 

(Bouquin et al., 1997), and so this compound was used to test further that wounding 

increases TR-AC02 gene expression independently of ethylene. 

3.1 3.1 3 Changes in TR-AC01 and TR-AC02 gene expression in attached 
wounded and non-wounded mature green leaves 

The four treatments used in this experiment were: 

1 .  Non-wound 

2. Wound 

3 .  1-MCP ( 1  ppm) pretreatment for 30  min non-wound 

4. 1 -MCP (1 ppm) pretreatment for 30 min wound. 

The concentration and time of exposure of the leaves to 1 -MCP was based on the study of 

Bouquin et al., ( 1 997) who showed an exposure of 0. 1 to 1 ppm for 10 min was sufficient 

to affect gene expression of CM-AC0 1 in leaves of melon. The plants were kept under 

continuous illumination throughout the 24 h period. Leaves were harvested at 1 ,  2, 3, 6, 

and 24 h after the tissue in the wounding treatment were wounded. 

Total RNA was isolated from leaves of all four treatments from all four time points and 

analysed by northern analysis. Duplicate blots were probed with either [a-32P]-dATP 

labelled 3 '-UTR of TR-AC01 (Figure 63) or the 3'-UTR of TR-AC02 (Figure 64) and the 

blots washed at high stringency (0. 1 X SSPE, 0. 1 %SDS at 65 QC). 
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The 3'-UTR of TR-ACO I hybridised to an RNA transcript in non-wounded leaves that 

changed in abundance over the 24 hour time period suggesting a circadian type control of 

its expression (Figure 63). For instance, at 2:30 pm (afternoon) abundance of the TR­

ACO I transcript was comparatively high, by 3:30 pm (mid afternoon) the levels had 

decreased but were still comparatively high, at 4:30 pm (late afternoon) and 7:30 pm 

(night) the levels were low and by 24 h ( 1  :30 next day; early afternoon) the level of the 

transcript had again become elevated. 

Wounding the leaves changed the above pattern of gene expression of the TR-ACO I 

transcript (Figure 63). As in the non-wounded leaves, gene expression of TR-ACOl was 

highest initially. However, unlike the non-wounded leaves, the levels of the TR-ACOI 

transcript continued to decline to be lowest 24 h after wounding. 

Pre-treating non-wounded leaves with I -MCP for 30 min prevented the putative circadian 

control of TR-ACOI (Figure 63). The pattern of expression of TR-ACOI in I -MCP 

treated leaves was similar to that in wounded leaves, in that expression again declined to be 

lowest by 24 h. 

TR-ACOI expression in the wounded leaves pre-treated with I -MCP was similar to the 

expression in non-wounded leaves pre-treated with MCP. However, the levels of the 

transcript remained higher for a longer period of time (up to 3 h after wounding compared 

with 2 h) before the levels declined to be very low by 24 h. 

Ethidium bromide staining of the RNA indicated that equivalent amounts of RNA were 

loaded into each lane for each treatment used in the above northern studies (Figure 63) . 

This suggests that the observed changes in TR-ACO I gene expression in these treatments 

were not simply a result of unequal loadings of the RNA. 

The senescence-associated gene transcript, TR-AC02, was virtually undetectable in non­

wounded mature green leaves over the 24 h time period which is what was predicted 

(Figure 64). Unlike expression of TR-ACOI ,  TR-AC02 gene expression did not appear to 

be under circadian-type regulation. 

Wounding induced gene expression of TR-AC02 in attached leaves (Figure 64) with 

induction of TR-AC02 gene expression being clearly evident in leaves 3 h after wounding. 

The level of the transcript then remained high throughout the remaining 24 h time period. 

This confIrmed that dark incubation and leaf detachment were not necessary for induction 

of TR-AC02, but could not rule out an involvement of wound-induced ethylene. 
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It was predicted that if wounding leaves induced TR-AC02 expression independently of 

ethylene, then TR-AC02 levels should be elevated in the presence of the ethylene action 

inhibitor, I -MCP, and this is what was observed (Figure 64). Gene expression of TR­

AC02 was first detected at 2 h, was maximal at 6 h, and then declined to be virtually 

undetectable by 24 h. 

However, pretreatment of leaves with I-MCP in the absence of wounding also elevated 

expression of TR-AC02 (Figure 64). Gene expression of TR-AC02 was first detected at 2 

h, was maximal at 3 h, and declined by 24 h to a level approximately that observed at 2 h. 

The finding that I -MCP can itself, in the absence of wounding, elevate TR-AC02 gene 

expression in leaves, means it still cannot be concluded whether wounding can induce TR­

AC02 gene expression independently of ethylene. 

Ethidium bromide staining of the RNA used for analysis with the 3'-UTR of TR-AC02 

indicated that some of the lanes contained different quantities of RNA (Figure 64). 

However, the differences in loadings were concluded to be too small to explain the 

differences observed in the expression of TR-AC02. 

Finding that TR-ACO l gene expression, but not TR-AC02 gene expression, was under a 

circadian-type regulation, provided a further opportunity to examine whether the declining 

activity observed in the chlorotic extracts was due to the assay predominantly measuring 

the decline in the activity of the TR-ACOl enzyme. 
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3.1 3. 14  Changes in ACC oxidase activity in vitro in mature and senescing 
leaves over a 24 h time period 

ACC oxidase activity was measured in mature green, onset of senescence, and senescent 

leaves harvested over a 24 h time period. ACC oxidase did appear to vary over the 24 h 

time period (Figure 65). Activity was highest at 1 1 :30 am (light stage) and lowest at 9:00 

pm (dark stage) in tissue extracts from all three developmental stages examined. This 

broadly matched transcript accumulation of the TR-ACO l which was highest at 2:30 pm 

and lowest at 7:30 pm (Figure 63). This may suggest that since the chlorotic extract was 

showing a circadian-type rhythm in its ACC oxidase activity, it may be that it is the activity 

of the TR-ACO l-encoded enzyme in this extract which is predominantly being measured. 

However, the ACC oxidase activity in vitro did not in the tissue examined return at 24 h to 

the level of activity first observed at 0 h. Therefore, although there is tentative evidence for 

the activity being measured being under a circadian-type regulation, this phenomenon will 

need more detailed study before it can be concluded unequivocally. 
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4. DISCUSSION 
This thesis has extended the study of Butcher ( 1 997) who ftrst provided evidence for 

increased activity of the ACC-mediated ethylene biosynthetic pathway being the cause of 

the senescence-associated increase in  ethylene production of l eaf tissue in  white clover. 

In both the current study, and t hat of Butcher ( 1 997), ethylene evolution was lowest in 

mature green leaves but increased as the leaves became progressively more chlorotic 

( Figure 1 5) .  This has been reported previously for leaves of other plants, whether the 

leaves have been detached and induced to senesce off the plant (for example, in oat ,  

Gepstein and Thimann, 1 98 1 ;  pinto bean, tobacco and sugar beet leaves, Aharoni  et  al. , 

1 979), or have senesced naturally on the plant (tobacco, Alejar et al. , ( 1 988) and cotton, 

Morgan et al. , ( 1 992)). Leaf senescence, however, is not always characterised by elevated 

ethylene production. In Phaseolus vulgaris, ethylene evolution is highest (2 nL g- I FW h- ' ) 

during leaf expansion, t hen declines by 75 % as the t issue matures and remains constant at 

ca. 0.4 nL g- I FW h- ' during senescence (yellowing) (Roberts and Osborne, 1 98 1 ) . In 

white c lo ver, the rapid increase in ethylene production occurs in leaf tissue after chlorophyll 

levels have begun to decline and coincides with the period of most rapid chlorophyll loss 

(Figure I S) .  This is consistent w ith observations made with pinto bean, sugarbeet, tobacco 

(Aharoni et al. ,  1 979) and oat (Gepstein and Thimann, 1 98 1 )  leaf tissue. 

The quantities of ethylene evolved from attached leaf tissue of white clover during leaf 

maturation and senescence are s l ightly lower than that reported for leaves of other plants .  

In mature green leaves of white clover, ethylene evolution is  between 0.25 and 0 . 3  nL g- I 

FW h- ' , which is lower than the levels of ethylene evolved from oat (ca. 0.5 to I nL g- I FW 
h- I ; Gepstein and Thimman, 1 98 1 )  and tobacco leaf discs ( 1  nL g- I FW h- ' ; Aharoni et al. , 

1 979), and detached leaves of tomato (ca. 0.5 nL g- I FW h- ' , John et al. , 1 995) .  During 

leaf chlorosis in white clover, ethylene production increased ca. 8-fo ld to be 2 nL g- I FW h- ' 

at leaf 1 6, while in oat, tobacco and tomato the levels increased 4-fold, 3-fold and 3-fold to 

4, 3, and 1 .8 nL g- I FW h- ' respectively. The senescence-associated ethylene climacteric of 

leaves can be compared with that of flowers and fruits. In leaves, both the absolute levels 

and the fold increase in ethylene evolution during senescence are much lower than observed 

for senescing carnation flowers ( I OOO-fold increase to 1 00 nL g- I FW h- ' , Butler, et al. , 

1 980) and ripening avocado frui t  ( 1 1 5  nL g- I fw h- ' , Hoffman and Yang, 1 980). 
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Increased activity of the ACC-mediated ethylene biosynthetic pathway is considered to be 

primarily the cause of ethylene evolution of senescing leaves. Evidence for this originally 

came from experiments where: 

1 .  Exogenous application of ACC to senescing (yellow) leaves was converted to  ethylene 

(Osborne, 1 99 1 ). 

2. Exogenous application of ACC to leaves promoted the onset of leaf chlorosis in oat, 

while inhibitors of the pathway (AVG and C02+) delayed it (Gepstein and Thimann, 

1 98 1 ). 

3. Downregulation of ACC oxidase, using antisense technology, severely reduced ethylene 

production in the senescent leaves of tomato « 0.087 nL g.! FW h-! at the advanced 

stage of senescence) compared to non-transformed tomato leaf tissue ( 1 .8 nL g-! FW hr­

! ; John et aI., 1 995). 

The increase in levels of endogenous ACC during leaf senescence of white clover (in both 

this study and that of Butcher ( 1 997)) is further evidence for a role of the ACC-mediated 

pathway in senescence-associated ethylene production (Figure 16) .  An increase in levels of 

endogenous ACC in ageing tissue (associated with the ethylene climacteric) has previously 

only been reported for ripening fruit (for example, avocado, Hoffrnan and Yang, 1 980) and 

senescing flowers (for example, carnation, Hanley et aI., 1 989). 

Although this study has confirmed that levels of endogenous ACC in leaves (as measured 

by the method of Lizada and Yang, 1979) increase during senescence, and that the increase 

precedes (or is coincident with) the increase in ethylene evolution, it also suggests that the 

Lizada and Yang method may be overestimating the senescence-associated increase in 

levels of endogenous ACC in this tissue. The method of Lizada and Yang relies on the 

chemical-based oxidation of ACC in a tissue extract to ethylene which is then measured 

with a gas chromatograph. However, if the crude extract of chlorotic leaves is partitioned 

by paper chromatography prior to chemical oxidation, it is found that substances at Rf 0.32 

and Rf 0.49 are produced in leaf tissue during senescence that can be oxidised to ethylene 

(Figure 1 8) .  By comparison, authentic ACC (dissolved in water) in this system was found 

to have a relative mobility of 0.59, and only a very small amount of ethylene was produced 

at this region by the chlorotic extract. The substance(s) in the chlorotic leaf extracts are 

not considered to be a conjugated form of ACC as hydrolysis with 6 N HCI is necessary for 

release of ACC from conjugated forms prior to assay (Lizada and Yang, 1 979). The 
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extraction of authentic ACC with the chlorotic leaf tissue resulted in a similar amount of 

ethylene produced by the substance at Rf 0.32, but an increase in the substance at Rf 0.49. 

This suggests that the compound at Rf 0.49 is ACC, and that its mobility in the 

chromatograph is hindered by association with endogenous compounds in the chlorotic leaf 

extract. It is possible that the substance(s) at Rf 0.32 could be an unsaturated fatty acid 

such as linolenic acid ( 1 8 :3) as linolenic acid is known to increase during leaf senescence 

(OIsson, 1 995), and linolenic acid can be oxidised in chemical systems to give rise to 

ethylene (Liebennan and Mapson, 1964). 

Extracts of wounded mature green leaves were also analysed by paper chromatography in 

this study (Figure 1 8) .  This was carried out for two reasons. Firstly, it would indicate 

whether wounding elevates ACC levels in the leaf tissue, consistent with the effect of 

wounding on other tissue (for example, pericarp discs of both tomato and winter squash 

fruit, Hyodo, 199 1) .  Secondly, any increased levels of endogenous ACC could then be 

used as an alternative indicator as to where endogenous ACC in the leaf extracts was 

resolving to on the chromatogram. Extracts of the wounded leaves produced increased 

levels of ethylene at two regions of the chromatogram. One region, at Rf 0.55, was very 

close to where authentic ACC (dissolved in water) resolved to. It was therefore concluded 

that wounding did elevate levels of ACC in mature green leaves of white clover, and that 

endogenous components in these leaf extracts retarded movement of ACC to a lesser 

extent than those in the chlorotic extracts. The second region of the chromatogram that 

produced ethylene was again at Rf 0.32. This was the same region that produced most of 

the ethylene in the chlorotic extracts and which was considered not to be ACC. This is 

interesting, as a substance(s) that is produced in increased amounts in senescent extracts 

also forms in detached mature green leaf tissue incubated in the dark. Detachment and 

dark incubation are accepted ways of inducing senescence (Gepstein and Thimann, 1 98 1 ;  

Gan and Amasino, 1997).  Furthennore, breakdown of phospholipids which leads to 

increases in free fatty acids has been reported to occur early during tissue senescence, for 

example, during petal senescence of P. hybrida (Borochov et aI., 1 997). Therefore, as 

suggested for the chlorotic extract, the substance at Rf 0.32 in the mature green extract 

may be a fatty acid such as linolenate. 

The Lizada and Yang method has still been used as the sole measure of ACC in some 

recent studies (for example, Banga et aI., 1996). However, the results with senescing leaf 

tissue of white clover suggests a need to use more powerful analytical tools to examine the 



Discussion 198 

authenticity of ACC production in senescing tissue. ACC analysis by preparative HPLC 

combined with GC-MS has been described for roots of sunflower seedlings (Finlayson et 

aI., 1996) and hypocotyls of wounded Norway spruce (Ingemarsson and Bollmark, 1997).  

A less expensive, but equally high resolution alternative to GC-MS has been described by 

Hall et aI., ( 1993). This technique replaces the GC-MS procedure with a GC containing a 

nitrogen! phosphorus detector. 

Nevertheless, the chromatography approach broadly confirmed the Lizada and Yang assay 

which showed a positive correlation between endogenous ACC content and ethylene 

evolution during leaf senescence of white clover. This suggests that the ACC-mediated 

ethylene biosynthetic pathway is functional in chlorotic tissue. A more complete 

understanding of the role of this pathway in controlling ethylene production can be 

achieved by studying the regulation of ACC synthase and ACC oxidase. This thesis 

focused on gene expression, protein accumulation and activity of the second of these 

enzymes, ACC oxidase, during leaf maturation and senescence in white clover. 

4.1 Biochemical characterisation of ACC oxidase 

ACC oxidase activity in the crude leaf extracts of white clover could only be measured 

after passage of the extract through Sephadex G-25 (data not shown). This suggests that 

there are low molecular weight inhibitory substance(s) in the leaf extracts, as Sephadex G-

25 is able to remove substances less than 5000 in molecular weight and is commonly used 

for desalting purposes. Obligate removal of putative low molecular weight inhibitors has 

also been reported for flavedo tissue of mandarin fruit (Dupille and Zacarias, 1996), but not 

for extracts from melon fruit (Ververidis and John, 199 1 ), roots and leaves of sunflower 

and corn seedlings (Finlayson et aI., 1997), internodes of deepwater rice (Mekhedov and 

Kende, 1996), apple fruit cortical tissue (Fernandez-Maculet and Yang, 1 992; Mizutani et 

aI., 1995), embryonic axes of chick pea seeds (Munoz De Rueda et aI. , 1 995), or senescing 

carnation petals (Nijenhuis-De Vries et aI., 1 994). The nature of these inhibitory 

substances in white clover was not studied. However, there are chemicals and compounds 

found in some plant tissues that are known to inhibit ACC oxidase activity. These include 

cobalt (Ververidis and John, 1991 )  and tropalones (an iron chelator, Mr 1 1 7) (Mizutani et 

aI., 1998). The presence of an iron chelator could be tested for by examining whether the 

presence of higher amounts of iron in the assay enabled measurement of activity. 
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ACC oxidase has a pH optimum of 7.5 in a Tris-based assay (Figure 22). This optimum is 

similar to that of apple (pH 7.2 to 7 .8 ,  Kuai and Dilley) , melon (pH 7.5,  Smith et aI., 

1 992), avocado (pH 7.5 to 8.0, McGarvey and Christofferson 1992) and mandarin fruit 

(pH 7.5,  Dupille and Zacarias, 1996). ACC oxidase of white clover has broad cofactor 

range (iron (20 to 80 mM) and bicarbonate ( 1 0  to 50 mM)) and cosubstrate requirements 

(ascorbate (30 to 1 50 mM)) (Figure 5 1 )  which is similar to the enzymes in banana (Moya­

Leon and John, 1 995); and cherimoya fruit (Escribano et al., 1 996), and also the enzyme in 

carnation petals (Nijenhuis-De Vries et aI., 1 994). 

The reaction catalysed by ACC oxidase assayed in vitro from mature green leaves was 

linear up to 20 min and then declined with a half-life of 22.5 min (Figure 1 9). This is very 

similar to the recombinant pTOM1 3  ACC oxidase protein expressed in E. coli and assayed 

in vitro (linear for 20 min, and activity then declining with a half life of 14 min, Smith et aI., 

1994). Other studies have reported that ACC oxidase becomes non-linear after as little as 

5 min for the enzyme in carnation petals (Nijenhuis-De Vries et aI., 1994) to as long as 50 

min for the enzyme in pear fruit (Vioque and Castellano, 1998). 

The non-linearity of the reaction is in part due to the interaction of the chemicals in the 

reaction mix, and can be independent of activity. For instance, in aerobic conditions, 0. 1 

mM Fe2+ has been shown to oxidise all the thiol groups of 2 mM DTT by 30 min at 30°C 

(Perry et aI., 1 988). This in turn can compromise the ability of DTT to protect the cysteine 

sulphydryl groups of ACC oxidase from oxidation. The importance of maintaining the 

cysteine sulphydryl group(s) of ACC oxidase in the reduced form is evident by the finding 

that sulphydryl reagents such as trinitrobenzene sulphonate at a concentration of 1 mM or 5 

mM inhibit the activity of ACC oxidase in mandarin fruit peel by 64 % (Dupille and 

Zacarias, 1 996) and in melon fruit by 99.3 % (Smith et al. , 1992). There are three 

completely conserved cysteine residues in all ACC oxidases hitherto sequenced (including 

TR-ACOl and TR-AC02; Figures 27 and 28). Kadyrzhanova et aI., ( 1997) have proposed 

that the cysteine at position 28 (C28) is the residue that must be retained in a reduced form, 

although this remains to be conclusively proven. Of the other two, C165 has been altered by 

site directed mutagenesis to alanine and shown not to be essential for activity, and Cl33 is 

considered to be part of a putative leucine zipper. 

A second mechanism by which the reagents of the reaction mix may interact is through the 

interaction of Fe2+, ascorbate and O2 which is known as Udenfreind's reagent (Udenfreind 
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et aI., 1 954, cited in Barlow et aI., 1997).  Udenfreind's reagent leads to the fonnation of 

H202, which in turn has been shown directly to inhibit activity of a recornbinant pTOM1 3  

ACC oxidase (Smith et aI., 1 994). The target of H202 modification is thought to be thiol 

groups (Omkumar and Rarnasarma, 1993), and in this regard DTT has been shown to be 

nearly as effective as catalase at preventing inactivation of the recombinant pTOM1 3  ACC 

oxidase (Smith et aI., 1994). 

Although shaking is necessary for obtaining maximal enzyme activity, activity of ACC 

oxidase was inhibited by vortexing (Figure 20) . It may be that vortexing increases the rate 

of oxidation or surface denaturation of ACC oxidase as vortexing can be detrimental to 

enzyme activity (Deutscher, 1990). Furthermore, ACC oxidase appears to undergo partial 

unfolding of the catalytically active confonnation with time (Barlow et aI., 1 997) and 

vortexing may hasten this process. 

In terms of extraction requirements, the inclusion of DTT (2 mM) and ascorbate (30 mM) 

in the Tris-glycerol extraction buffer of Verve rid is and John ( 199 1 )  increased the recovery 

of ACC oxidase activity 4-fold in vitro (Figure 24). Increased recovery with ascorbate has 

also been documented for the cortical tissue of apple (Femandez-Maculet and Yang, 1 992; 

Kuai and Dilley, 1 992) and flavedo tissue of mandarin fruit (Dupille and Zacarias, 1 996), 

but not for the mesocarp of cherimoya fruit (Escribano et aI., 1 996). Escribano et aI., 

( 1 996) found during partial purification of ACC oxidase from cherimoya fruit that activity 

in vitro was enhanced by inclusion of DTT and soluble PVP, but not ascorbate or Triton 

X- lOO. DTT has also been shown to increase recovery of ACC oxidase activity from 

flavedo tissue of mandarin fruit by 36 % (Dupille and Zacarias, 1996). 

4.2 Molecular characterisation of ACC oxidase 

RT -PCR with degenerate primers made to conserved domains among ACC oxidase 

sequences was successful in amplifying sequences that show high homology to ACC 

oxidases in the GenBank database. Amplified sequences were initially considered to be 

from the same gene if similarity in their sequences was greater than 94 % .  On this basis, 

two distinct groups of sequences were identified, designated as TR-ACO l and TR-AC02 

(Figures 27 and 28). These sequences showed 84 % homology in their nucleotide and 87 

% identity in their amino acid sequences. In some studies, similarities in amino acid 

sequences have been used to indicate evolutionary relationships. For instance, ACC 

synthases that have IAA-inducible regulatory elements from different plants species appear 
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to be more similar in sequence than they are to other members of thejr own gene families. 

Because of this, it has been proposed that the IAA-inducible regulatory sequence co­

evolved with a particular ACC synthase isoenzyme (Liang et aI., 1 993). In this study, it 

was of interest to see whether TR-AC02 was more closely related to other senescence­

associated ACC oxidases than it was to TR-ACO l .  If so, it may suggest that these 

isoenzymes have arisen from a common (senescence-associated) ancestor and! or that the 

conditions associated with senescing tissue may select for an isoenzyme with particular 

sequence constraints. This was examined by aligning TR-ACO l and TR-AC02 sequences 

with randomly selected ACC oxidases and other 2-0DDs in the GenBank and determining 

their phylogenetic relationship using a tree building programme (Figure 32). The 

phylogenetic tree clearly clustered TR-ACOl and TR-AC02 within the ACC oxidase 

grouping, and also showed that TR-AC02 had closer homology to the mature-green­

associated TR-ACOl than to the senescence-associated ACC oxidase of tomato (LE­

AC0 1 ,  Barry et aI. , 1996) and melon (CM-AC0 1 ,  Lassere et al., 1 997). 

Both TR-ACOl and TR-AC02 sequences appear to encode functional enzymes, as their 

deduced amino acid sequences contain all the residues hitherto shown to be important 

(within the regions of TR-ACO l and 2) for maximal activity of the enzyme (Zhang et ai., 

1 997; Charng et al., 1997). More complete proof, however, will await either measurement 

of activity after heterologous expression of the complete cDNA sequences, or alternatively, 

after purification of the individual isoenzymes corresponding to each gene. 

RT-PCR with degenerate primers made to conserved domains of ACC oxidase genes 

together with cloning and sequencing, was effective at identifying two members of the 

ACC oxidase gene family. However, all members of the gene family may not be readily 

identified by this method. Firstly, identification of gene sequences may be a function of the 

abundance of the transcript in tissue. That is, if the transcript is present in only low 

amounts in tissue it may not be readily amplified, and will therefore be cloned to a lesser 

extent. Consequently, the discovery of such gene transcripts may only be achieved by 

screening large numbers of clones. Secondly, interpretation error may be a factor. For 

instance, in this study as a starting point, cDNA sequences displaying greater than 94 % 

homology were considered to be encoded by the same gene. However, individual members 

of a gene family can display very high homology. For example, in tomato, LE-ACOl and 3 

show 94 % similarity in their nucleotide sequence (Barry et aI., 1996), which in this study 

would have been high enough initially, for them to have been considered to be encoded by 
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the same gene. Genomic Southern analysis has been used in other studies to indicate the 

number of members of particular gene families (Lasserre et al., 1 996). In this study, 

Southern analysis with the coding regions of TR-AC01 and TR-AC02 was able to confirm 

that the sequences were encoded by distinct genes, but it could not confirm that the 

sequences were specific to single genes, as multiple genomic fragments were recognised in 

each of the lanes (Figure 34). 

The coding frame regions of TR-AC01 and TR-AC02 may have recognised multiple 

genomic fragments on the Southern blot because of: 

1 .  restriction sites within, as yet unsequenced, regions of each gene 

2.  the presence of additional genes (or pseudogenes) similar in sequence, or 

3 .  the allele for each gene i s  polymorphic. 

To examine further the cause of the multiple hybridisation patterns, genomic DNA was re­

probed with regions of the TR-ACOl and TR-AC02 cDNA sequences that were more 

divergent. 

A characteristic of ACC oxidases is the sequence divergence at their 3 '-UTR (Tang et al., 

1994; Kirn and Yang, 1 994; Barry et al., 1996). For example, while LE-ACOl and 3 of 

tomato share 94 % homology in their reading frame, the similarity in their 3 '-UTR is only 

47 %.  Similarly, in P. hybrida, PH-AC03 and 4 share 9 1  % similarity in their coding 

region but only 50 % at their 3'-UTR. 

In this thesis, the 3'-UTRs of both TR-ACO l and TR-AC02 were successfully generated 

using 3'-RACE (Figures 4 1  and 42). In common with other ACC oxidases, the 3'-UTRs of 

TR-ACOl and 2 were less similar in sequence (6 1 % homology) than their cognate coding 

regions (84 %).  While this procedure generated only one 3'-UTR of TR-AC0 1 ,  it 

generated three 3'-UTRs of the TR-AC02 sequence. Sequencing identified the two shorter 

sequences as truncated versions of the longest 3'-UTR. Truncated versions of ACC 

oxidase 3'-UTRs have also been observed in PH-ACOl (P. hybrida, Tang et al., 1993); 

and OS-ACO l (rice, Mekhedov and Kende, 1996), while the presence of two 

polyadenylation signals in the 3'-UTR has been reported for VR-AC0 1 (mungbean, Kirn 

and Yang, 1 994). In white clover, two putative polyadenylation sequences (each 

containing FUEs and NUEs, Rothnie, 1 996) could be identified which may provide a basis 

for the three truncated versions of TR-AC02 found. 
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The 3'-UTRs of TR-ACOl and 2 were used as probes to reexamine the multiple 

hybridisation patterns obtained with the coding regions in genomic Southern analysis. 

The 3'-UTR of TR-ACO l hybridised to all the genomic fragments recognised by its 

cognate coding-frame region (Figure 47). This suggests that all the fragments recognised 

by the TR-ACO l coding region also contain the 3'-UTR. It appears, therefore, that the 

multiple hybridisation pattern being recognised is not due to fragments produced by 

digestion within restriction sites of putative introns, because only one fragment (the one 

containing the 3'-UTR) would then be recognised. The high similarity in the 3 '-UTR of the 

fragments do suggest that the fragments represent different alleles of a single gene (TR­

ACO l ), rather than very similar but distinct genes. In this regard, it should be noted that 

the genome of white clover is allotetraploid. That is, white clover contains two 

independently segregating genomes, so that there is potential for up to four polymorphic 

alleles for each gene. To confirm that the fragments recognised by the 3'-UTR of TR­

ACO l are polymorphic alleles requires segregation analysis using inbred lines of white 

clover. 

Another possibility was that the TR-ACO l gene had undergone a gene duplication 

event(s) . For example, the PH-ACO l gene of P. hybrida has been reported to have 

undergone a gene duplication event to give rise to PH-AC02 which is a pseudo gene (that 

is, it is not transcribed). Evidence for PH-AC02 having resulted from a gene duplication 

of PH-ACOl included its close proximity to PH-ACO l (only 6 Kb downstream), the 

finding that it was a pseudogene, and of particular relevance to this study, that it showed 

very high sequence homology (93 %) in the 3'-UTR (which is atypical of ACC oxidase 

genes) . Pseudo genes do occur in white clover. For example, four pseudo genes of alcohol 

dehydrogenase have been identified in white clover by screening a white clover genomic 

library (Nick Ellison, AgResearch, Palmerston North, NZ pers. comm.). In this thesis, the 

genomic Southern analysis using both coding-frame and 3'-UTRs of TR-ACO l as probes 

could not distinguish between pseudo genes and other gene duplication events, or 

polymorphic alleles. 

In contrast to the 3 '-UTR of TR-ACO l ,  the 3'-UTR of TR-AC02 hybridised to only a 

single genomic fragment in each lane of the Southern blot, and these fragments were a 

subset of that recognised by its cognate coding region (Figure 47) .  This suggested that the 

other non-recognised genomic fragments (in the coding region probed Southern), either did 
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not contain a 3'-UTR, or had a different 3'-UTR to TR-AC02. If the fragments did not 

contain a 3 '-UTR, then the fragments must have been excised away from the 3'-UTR by 

digestion within the putative, as yet undefined introns (that is, because the coding frame 

region recognised the fragments). This is considered unlikely, as the introns of the TR­

AC02 gene would need to have restriction sites for all three enzymes used in the digestion. 

The more likely explanation is that the non-recognised genomic fragments contained a 3'­

UTR that is dissimilar to that of TR-AC02. This suggests that there is an additional ACC 

oxidase in the genome of white clover that is similar in coding sequence to TR-AC02, but 

has a divergent 3'-UTR. This has been reported for tomato where ACC oxidase gene 

transcripts of LE-ACOl and 3 ACC share 94 % sequence similarity in their coding region, 

but only 47 % similarity in the 3'-UTR. The presence of additional genes could be 

confirmed by probing the Southern blot with the 5'-UTR of TR-AC02. If the 5'-UTR 

recognised the same fragments as the 3 '-UTR, then the complete coding portion of the gene 

must be within the fragment and so the other fragments would then be most likely 

representative of additional genes. Alternatively, the coding frame region of TR-AC02 

could be used to screen a genomic library. 

In this thesis, further evidence was provided for the existence of an additional, as yet 

undefmed, TR-AC02 gene transcript using northern analysis. The coding region of TR­

AC02 hybridised to two RNA transcripts on the northern blot of ca. 1 . 17 Kb and 1 .35 Kb 

(Figure 38). The size difference is similar to that between the largest and smallest version 

of the TR-AC02 3'-UTR (Figure 42) and so, initially it was thought that the 1 . 17 Kb 

transcript was a truncated version of the 1 .35 Kb transcript. However, this appears not to 

be true, as the largest 3'-UTR of TR-AC02 did not recognise the 1 . 17 Kb transcript on the 

northern blot (Figure 48). It should have if the 1 . 17 Kb transcript was a truncated version 

of the 1 .35 Kb transcript. Therefore, the 1 . 17 Kb transcript appears to have a distinct 3'­

UTR to the 1 .35 Kb transcript, which is consistent with the proposition that they are 

transcribed from different genes. 

To offer support to this proposal, two distinct isoenzymes of ACC oxidase (SEI and SEll) 

have now been purified from chlorotic leaf tissue of white clover (Dr Deming Gong, 

Institute of Molecular BioSciences, Massey University, NZ pers. comm) . Dr Gong has also 

identified a third isoenzyme in the mature green leaf tissue which is distinct from both SEI 

and SEll and is proposed to be the protein encoded by TR-AC01 .  
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4.3 Gene expression of TR-AC01 and TR-AC02 during leaf 

maturation and senescence 

205 

TR-ACO l and TR-AC02 transcripts were differentially expressed during leaf maturation 

and senescence of white clover (Figure 48). Levels of TR-ACO l transcript were high in 

mature green leaves until the onset of senescence (as judged by chlorosis) at which time 

transcript accumulation declined to be lowest in the most senescent leaves examined. By 

contrast, gene expression of TR-AC02 was very low in mature green leaves, but increased 

prior to the large decline in chlorophyll and climacteric rise in ethylene production. The 

differential expression of TR-ACO l and TR-AC02 during leaf senescence is consistent 

with what has now been found in tomato (Barry et aI., 1 996) and melon (Lasserre et aI. , 

1 997). In tomato, LE-ACOl and LE-AC03 gene transcripts accumulate during leaf 

senescence. However, LE-AC03 only accumulates transiently, at the onset of senescence, 

and its levels are much lower than LE-ACOl .  By contrast, levels of the LE-ACO l 

transcript are high at all stages of senescence examined (onset, mid, and advanced, as 

judged by chlorophyll loss) . In melon, gene expression of CM-AC03 was highest in young 

leaves and declined to be lowest in the most chlorotic leaves examined (yellow-green 

adult), which is very similar to TR-ACO l gene expression. Whereas, CM-ACO l was 

lowest in young leaves, highest in pale-green adult leaves (representative of the onset of 

chlorosis) and slightly lower in yellow-green adult leaves. This pattern of expression more 

closely resembles that of TR-AC02. 

This study has extended the gene expression studies in melon and tomato leaf tissue by 

combining gene expression analysis during leaf maturation and senescence with data for 

both activity and protein accumulation of ACC oxidase. 

4.4 Changes i n  ACC oxidase activity during leaf maturation and 

senescence 

ACC oxidase activity, in vitro, was highest in mature green leaves and then declined as the 

leaves became chlorotic, such that activity was lowest in leaves evolving the highest 

amounts of ethylene (Figure 56). This was unexpected, as increased ethylene production 

during tissue ageing is typically accompanied with increased ACC oxidase activity in vitro, 

for example, in tomato (John et aI., 1 995; Barry et aI., 1996), melon (Ververidis and John, 

1 99 1 ;  Guis et aI. , 1 997), and apple fruit (Dong et aI., 1 992; Reid, 1 995), and in senescing 

carnation flowers (Nijenhuis-De Vries et aI., 1994; Woltering and Harren, 1 989). 
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There are several possible reasons for the decline in activity, including genetic regulation, 

characteristics of the isoenzyme, or characteristics of the tissue environment. Each 

possibility is discussed below. 

1 .  Genetic regulation. 

i.) The decline in ACC oxidase activity in vitro may be due to reduced gene expression of 

ACe oxidase during leaf senescence, as studies have shown that ACC oxidase appears to 

be regulated at the level of gene transcription during tissue ageing. For example, increased 

ACe oxidase gene expression is accompanied with increased ACC oxidase activity in vitro 

during ripening of apple fruit (Dong et al., 1992) and senescence of carnation petals 

(Nijenhuis-De Vries et al., 1 994). 

The results from the gene expression studies of TR-ACO l and TR-AC02 show that gene 

expression of TR-AC02 is enhanced during leaf senescence and so it might appear that 

activity should therefore be elevated. However, gene expression of TR-ACO l may be 

much higher than gene expression of TR-AC02 so that overall levels of activity follow the 

pattern of expression of TR-ACO l .  This may be examined further by quantifying the 

expression of TR-ACO l and TR-AC02 using such techniques as RNase protection assay 

(Barry et al., 1 996) or quantitative RT -PCR with an internal standard (Scheuermann and 

B auer, 1 993). 

ii.) The low ACC oxidase activity ill senescent extracts may be explained by higher 

turnover of the transcript in this tissue. That is, the transcripts are degraded before they 

are able to be translated. For instance, the stability of transcripts in plant cells has been 

shown to be decreased by the presence of multiple AUUUA motifs (Ohme-Takagi et al., 

1 993). A 60 bp sequence containing 1 1  copies of the AUUUA motif markedly 

destabilised a �-glucuronidase reporter transcript compared to another sequence with 

identical A+U content (Ohme-Takagi et al., 1 993). Three of these motifs have been 

found in TR-AC02 but none in TR-ACO l which may mean that the transcript of TR­

AC02 is less stable in the cell (Figure 42). However, it is doubtful whether the stability 

of the transcript is the reason for the lower activity. The senescence-associated increase 

in ACC oxidase activity in petunia flowers is associated with increased gene expression 

of PH-ACO l and this transcript has two AUUUA pentamer motifs (Tang et al. , 1994) 
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2 .  Characteristics of the isoenzymes 

i.) The declining ACC oxidase activity in the chlorotic extracts may be because the assay 

favours measurement of activity in . the mature green extract. This might occur if the 

senescence-associated isoenzyme (presumably that encoded by TR-AC02) has different 

assay requirements to that of the mature green associated isoenzyme (presumably that 

encoded by TR-AC0 1 ). There is now evidence that different isoforms of ACC oxidase 

exist in tissues that have different assay requirements (Finlayson et al., 1 997).  For 

example, ACC oxidase isoform(s) in the roots of corn and sunflower seedlings have 

different affinities for carbon dioxide, ascorbate, and a different response to pH than the 

isoform(s) in the leaves. However, in this study, the measurable activity in the chlorotic 

extracts had the same requirements for sodium bicarbonate, sodium ascorbate, Iron 

sulphate, and pH as that measured in the mature green extracts (Figure 5 1 ). 

It may be that increased gene expression of TR-AC02 does not correlate with activity 

because the TR-AC02-encoded isoenzyme in the chlorotic extract has a lower catalytic 

efficiency (Kca/Km) than the isoenzyme in the mature green extract. This may have arisen 

because the isoenzyme in senescent leaves (presumably encoded by TR-AC02) is exposed 

to much higher concentrations of ACC than the enzyme in the mature green leaves, and so 

has experienced less evolutionary selective pressure for it to function as efficiently. 

Evidence has recently arisen that supports the proposition that the small difference in 

deduced amino acid sequence identities between isoenzymes (for example, 1 3  % for TR­

ACO l and TR-AC02), is enough to confer quite distinct kinetic properties. For instance, 

the translation products of three ACC oxidase cDNA sequences of tomato have been 

characterised after heterologous expression in yeast (Bidonde et al., 1998). It was found 

that although LE-AC03 and LE-ACO l share 94 % identity in their amino acid sequence, 

the specific activity (in vitro) of LE-AC03 is less than 50 % that of LE-ACO l (65 % if 

measured in vivo). To establish whether the TR-AC0 1 - and TR-AC02-encoded 

isoenzymes do have different kinetic characteristics will require measurement of their 

activity after either heterologous expression in E. coli, or yeast (like for the isoenzymes of 

tomato), or after purification of the isoenzymes from leaf tissue. 

3. Characteristics of the tissue environment. 

i.) The isoenzymes encoded by TR -ACO 1 and 2 may be located in different subcellular 

locations and therefore require different extraction requirements. For instance, ACC 
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oxidases have now been localised by immunolocalisation techniques to both cytosolic, and 

apoplastic locations in suspension cultured cells of tomato and in ripening apple fruit 

respectively (Reinhardt et al. , 1 994; Rombaldi et aI. , 1 994). Unlike the cytosolic enzyme 

which can be extracted from tissue in a simple Tris-glycerol buffer (for example, melon 

fruit, Ververidis and John, 1 99 1 ), the apoplastic enzyme requires either PVPP or Triton X-

100 to solubilise it from the cellular debris (for example, apple fruit, Dong et al., 1 992; 

Kuai and Dilley, 1 992; Fernandez-Maculet and Yang, 1 992). It is possible that the low 

activity observed in vitro is because TR-AC02 (unlike TR-AC0 1 )  is located in the 

apoplast. However, neither Triton X- l OO or PVPP, when included in the extraction buffer, 

increased recovery of ACC oxidase in the chlorotic extracts (Figure 49). 

ii.) The activity of TR-AC02 may be lower in chlorotic leaves through being inhibited by 
, 

activated oxygen species that are produced in greater quantities during senescence. For 

instance, in pea and oat, senescing leaves have increased levels of xanthine-oxidoreductase 

(which produces superoxide [02.]) and superoxide dismutase (that converts 02·to H202) 

and decreased levels of catalase (Pastori and del Rio, 1 994; Longa et al., 1 994). This 

results in the overproduction of H202, which is normally contained within peroxisomes 

(Pastori and del Rio, 1994), and which can be damaging to ACC oxidase (Smith et al., 

1 994) . Therefore, it may be that if H202 is over-produced during leaf senescence in white 

clover it causes a decline in ACC oxidase activity. However, against this is the 

measurement of increased ACC oxidase activity in senescing carnation petals (Nijenhuis-De 

Vries et al., 1 994) since in common with leaf senescence, petal senescence of carnation is 

also characterised by increased levels of superoxides (Mayak et al., 1983) which may be 

converted to H202. Furthermore, the presence of DTT in the extraction buffer (which can 

protect the protein against H202 damage, Smith et al., 1 994) did not increase the 

percentage recovery of ACC oxidase activity in the senescent extracts. This might be 

expected if it was the damaging effects of H202 that was the cause of the decline. A more 

direct test will be to compare ACC oxidase activity obtained in the senescent tissue after 

extraction with and without catalase. 

iii.)  ACC oxidase activity may have been lower in senescent extracts due to degradation of 

the enzyme by the increased levels of pro teases in these extracts. Proteases are proposed 

to increase during leaf senescence as they are needed for the recycling of leaf nitrogen back 

into the main body of the plant. Cysteine proteases have been reported to increase during 

leaf senescence of tomato (Drake et al., 1 996) and corn (Smart et al., 1 995). Cysteine 
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pro teases are usually contained within vacuoles of cells, and so tissue homogenisation 

would release the pro teases into the cell-free homogenate where potentially they can 

degrade ACC oxidase. However, if pro teases are a major reason for the decline in activity, 

then performing the extraction over a very short time might be expected to result in much 

higher activity. This was not observed (Figure 53).  Furthermore, carnation petal 

senescence is accompanied by increases in cysteine proteinases (Jones et al. , 1 995) but 

increased activity of ACC oxidase measured in vitro during senescence can be detected 

(Nijenhuis-De Vries et al., 1 994). 

iv.) The lower ACC oxidase activity in the chlorotic extracts may be due to the increased 

presence of proteinaceous inhibitors of the enzyme. For instance, the occurrence of 

proteinaceous inhibitors in plants that increase in abundance during leaf senescence has 

now been documented, such as a 1 7  kDa invertase inhibitor in tobacco leaves (Greiner et 

al., 1998). 

Proteinaceous inhibitors of ethylene production have also been reported, for example, in 

etiolated mungbean hypocotyls (Sakai and Imaseki, 1 973) .  The presence of the inhibitor 

was first indicated by the ability of extracts of mungbean hypocotyls to inhibit ethylene 

production in vivo by intact hypocotyls. The inhibitor was subsequently purified and found 

to have a molecular weight of 1 12 kDa (Sakai and Imaseki, 1973). The inhibitor did not 

affect ACC synthase activity, but inhibited conversion of exogenously applied ACe to 

ethylene (Sakai and Maniwa, 1994). Importantly, the inhibitor has not been shown to 

affect ACC oxidase activity in vitro directly. The inhibitor has however been shown to 

exert an inhibitory action on various other metabolic processes including RNA, protein and 

lipid synthesis (Todaka et al., 1978) and is thought to act through interaction with the cell 

membrane. 

There are several ways to test whether factors in the senescent extract are the cause of 

reduced activity. Firstly, an assay in vivo may provide some information. The successful 

conversion of added ACC to ethylene by intact senescent tissue might suggest that 

homogenisation and extraction disrupts compartmentalisation and promotes the subsequent 

release of damaging substances which cause the loss in activity in vitro. Secondly, and 

with regard to the possible presence of proteinaceous inhibitors, the senescent extract (after 

column purification through Sephadex G-25 to remove low molecular weight substances) 

can be added to the mature green extract to observe whether the decline in activity was 
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greater than what would be expected by dilution alone. Thirdly, the enzyme can be 

completely purified. This approach should separate the enzyme away from any putative 

proteinaceous inhibitors. 

These approaches were not pursued in this study. Instead, antibodies were raised to the 

translation products of TR-ACO l and 2 expressed in E. coli and used to examine changes 

in protein accumulation of ACC oxidase during leaf maturation and senescence. As 
measurement of protein accumulation using antibodies can be independent of activity, this 

approach could provide information on whether post-transcriptional regulation controls 

activity of ACC oxidase during leaf maturation and senescence. 

4.5 ACC oxidase protein accumulation d u ri ng leaf maturation and 

senescence 

Antibodies raised against the translation products of TR-ACO l and TR-AC02 both 

recognised a protein of ca.36.4 kDa on the western blot (Figure 57), which is similar to the 

reported sizes of ACC oxidase from other plants. The sizes reported for ACC oxidase 

include 4 1  kDa by gel filtration for melon (Smith et aI., 1 992), 40 kDa by gel filtration or 

36 kDa by SDS-PAGE for banana fruit (Moya-Leon and John, 1995), 66 kDa by native 

PAGE or 35 kDa by SDS-PAGE for cherimoya fruit (Escribano et al., 1 996), and in apple 

either 39 kDa by gel filtration (Dupille et aI., 1993), 35 .33 1 8  kDa by electrospray mass 

spectrometry (Pirrung et al., 1 993), and 39 kDa by SDS-PAGE (Dong et al. , 1 992). 

The pattern of protein accumulation recognised by both TR-ACO l (raised in rabbits) and 

TR-AC02 (raised in rats) antibodies was similar during leaf maturation and senescence. 

Levels of recognition were highest in mature green leaves (leaves 4 to 1 0) and declined to 

be lowest in the most chlorotic leaves examined (leaf 1 6) .  This broadly matched transcript 

accumulation of TR-ACO l ,  and activity (in vitro) of ACC oxidase, but clearly did not 

correlate with gene expression of TR-AC02. 

There are several possible explanations as to why western analysis showed ACC oxidase 

protein in leaves declining during senescence. It may be because the western analysis was 

not quantitative. For instance, the TR-ACO l fusion protein may contain more antigenic 

determinants than does the TR-AC02 fusion protein, so more antibodies bind to this 

isoenzyme on the western blot than do to the equivalent amount of TR-AC02 isoenzyme. 

It may be also that the TR-AC02 protein is unstable in extracts, or that there are post-
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transcriptional control mechanisms which regulate translation of this gene transcript. This 

may explain why no differences were obtained in pH, ascorbate, iron and carbon dioxide 

requirements, as activity being measured in the chlorotic extract was predominantly the 

declining activity of the TR-AC0 1 encoded isoenzyme. 

To further understand whether the decline in activity and protein of ACC oxidase was due 

to the nature of the chlorotic extract, ACC oxidase protein and activity was measured in 

mature green leaves after induction of the senescence-associated TR -AC02 transcript by 

wounding. The rationale was based on the finding in tomato, that the senescence­

associated ACC oxidase transcript, LE-AC0 1 ,  could be induced by mechanical wounding 

in mature green leaves and be correlated with increased protein accumulation and activity 

(in vitro) of ACC oxidase (Barry et al., 1 996). 

4.6 Gene expression, protein accumu lation, and activity of ACC 

oxidase in wounded mature green leaves 

In common with leaves of tomato (Barry et al., 1 996) and melon (Bouquin et al. , 1 997), 

wounding preferentially increased gene expression of the senescence-associated transcript 

in mature green leaves of white clover (Figure 59). This enabled measurement of protein 

accumulation and activity of ACC oxidase away from the chlorotic tissue environment. 

However, unlike other plant species studied, the large increase in transcript after w ounding 

did not result in increased ACC oxidase protein accumulation or activity. This suggests 

against factors specific to the chlorotic extracts causing the lower activity in vitro, and is 

further evidence for either post-transcriptional / translational control, or conditions in the 

assay (that in this study were not found) that are essential for measuring significant 

amounts of TR-AC02 activity. 

In the experiment described above, leaf tissue was detached, severely wounded, and 

incubated in the dark as the aim was solely to induce TR-AC02 gene expression, so that 

activity and protein accumulation could be measured subsequently. However, on 

completion of the experiment other interesting aspects of TR-AC02 gene regulation had 

arisen. For instance, it was found in control leaves that were not wounded, that the act of 

leaf detachment was sufficient for the induction of TR-AC02 gene expression, despite 

there being no subsequent wound-induced peak in ethylene production (Figure 60). This 

suggested fIrstly, that increased gene expression was not in itself sufficient for the increased 

production of ethylene associated with wounding, and secondly, that the accumulation of 
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the gene transcript may be independent of wound-induced ethylene production. Wound­

induced expression of the pVR-ACO l gene transcript in etiolated mung bean hypocotyls 

has been previously reported to be mediated through ethylene effects as NBD (an ethylene 

action inhibitor) can suppress completely the induction. However, there is now a precedent 

for induction of ACe oxidase gene transcripts being independent of ethylene.  For example, 

the CM-ACO l transcript of melon was shown by RT-PCR to be induced in leaves after 

wounding independently of ethylene by using I -MCP to inhibit ethylene action (Bouquin et 

al., 1997). The authors subsequently showed using GUS-promoter fusion studies, that a 

separate wound response motif was present in the promoter region of CM-ACO ! that was 

independent of the ethylene-responsive-element also present. 

In white clover, further evidence for induction of TR-AC02 gene expression being 

independent of ethylene was provided by using the ethylene-adsorbing compound, Purafil. 

Purafil has been shown to be effective in delaying chlorophyll loss (considered an ethylene­

mediated event) in leaves of white clover (Butcher, 1997). Therefore, incubation of leaves 

with Purafil may delay accumulation of the TR-AC02 gene transcript if TR-AC02 gene 

expression is being mediated by ethylene. It did not, which is consistent with the induction 

being independent of ethylene (Figure 62). However, a criticism of using Purafil to delay 

ethylene-mediated events is that the ethylene it removes has already passed through tissue 

and had the opportunity to interact with ethylene receptors. If detached leaves are to be 

used in future studies, then ethylene-action inhibitors such as silver thiosulphate (STS) or 

! -MCP need to be used. 

However, the discovery that wounding differentially regulates gene expression of TR­

ACO ! and TR-AC02 in detached leaves stimulated further interest on the regulation of 

these two transcripts. It was important from a physiological standpoint to confirm gene 

regulation of TR-ACO l and 2 in leaves in wounded leaves that remained attached to the 

plant because of the potential for the wounding stimulus to be confounded with other 

stimuli that result from detachment and dark incubation. The study of Becker and Apel 

( 1993) on barley leaves is of interest since they have shown that the commonly used 

method of reproducibly inducing senescence (as judged by chlorophyll loss) by leaf 

detachment and dark incubation increases expression of a number of genes not related to 

natural leaf senescence on the plant. Many of these were concluded to be stress-related. 

Therefore, it may not have been mechanical wounding per se that caused increased 

accumulation of TR-AC02 in detached mature green tissue, but water deficit stress which 
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accompanies excision, or a response to accelerated ageing that IS common to dark 

incubation. 

TR-ACO I and TR-AC02 gene expression in wounded mature green leaves attached to the 

stolon confirmed the expression of TR-ACO I and TR-AC02 observed for detached (and 

wounded) leaves (Figures 62 and 63). Levels of the TR-ACO I gene transcript were 

lowered after the leaves were wounded, while levels of the senescence-associated TR­

AC02 gene transcript were elevated. Therefore, it is apparent that TR-ACO I gene 

expression is high in conditions where the leaf is not stressed (for example, non-wounded 

mature green) while TR-AC02 gene expression is associated with stressed leaves 

(wounded mature green and senescent) 

Wounding leaves that remained attached to the stolon showed that water stress and dark 

incubation (factors in the detached leaf experiment) were not required for induction of the 

TR-AC02 gene transcript. However, this experiment could not confirm that TR-AC02 

gene induction occurred independently of ethylene. To address this, attached leaves were 

pretreated with I -MCP (an inhibitor of ethylene action) for 30 min, and wounded. It was 

predicted that pretreatment of the leaves with I -MCP would not prevent induction of the 

TR-AC02 gene transcript, and therefore confirm that the induction by wounding was 

occurring independently of any ethylene-mediated effect. As predicted, the pretreatment 

with I -MCP did not prevent induction of the TR-AC02 gene transcript by wounding 

(Figure 64). However, the pretreatment of the leaves with I -MCP (without a wounding 

stimulus) was enough to induce expression of the TR-AC02 gene transcript, which 

therefore makes it difficult to conclude whether the induction was independent of ethylene. 

The finding that I -MCP influenced gene expression of both transcripts (TR-ACO I  gene 

expression was repressed) in non-wounded leaves, begs the question of how it is acting. In 

this study, the mode of action of I -MCP was more consistent with it being a chemical that 

is acting to stress the plant rather than an inhibitor of ethylene action. There are several 

reasons for this. The first is that chlorophyll loss was not delayed in leaves exposed to 10 

ppm ethylene after pretreatment with I ppm I -MCP for 30 min compared with controls 

that were not given an I -MCP pretreatment (data not shown). Furthermore, the leaves and 

petioles of plants pretreated with 300 ppb I -MCP for 6 h wilted (data not shown) and 

wilting is considered to be mediated by ethylene. The following reasons are correlative and 

can be confirmed only after treating attached non-stressed leaves with ethylene, and 
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examining the effect on TR-ACO l and TR-AC02 gene expression. Treatment of non­

wounded leaves with I -MCP downregulated transcript accumulation of TR-ACO l which 

means that expression should be high at times when ethylene production is high, for 

example, during senescence and wounding, and it is not. 

It is clear that further work is needed to clarify whether induction of TR-AC02 by 

wounding is independent of ethylene, and this should also involve treating intact plants with 

ethylene. 

A further result that arose through the study of gene expression in wounded attached leaves 

was that TR-ACO l (but not TR-AC02) gene expression may be under a circadian-type 

control (Figure 65). TR-ACOl gene expression was highest in the middle of the light 

phase ( 1 :30 pm) and lowest in the dark (7:30 pm). This pattern of expression is c onsistent 

with what has been found for ACC oxidase mRNA in S. longipes (Kathiresan et al., 1996). 

In S. longipes, ACC oxidase mRNA and activity reaches a maxima in the middle of the 

light phase and a minima by the middle of the dark phase, and the oscillations were found 

to be dampened under continuous illumination or darkness, indicating entrainment by 

phytochrome. 

Of further interest was whether the circadian regulation of TR-ACO l could be used to 

confirm that the ACC oxidase activity being measured by the in vitro assay was 

predominantly that of the TR -ACO 1 encoded isoenzyme. If the lower activity me asured in 

the chlorotic extracts was under circadian type regulation then it could be concluded that 

the activity being measured was the declining activity of the TR-ACO l enzyme. This is 

what broadly was found, although the levels of enzyme activity after 24 h had not returned 

to the same levels that had been measured at 0 h as would be predicted. The levels of 

enzyme activity instead remained lower. A more detailed analysis, therefore, will be 

required in the future to show unequivocally whether such a rhythm of ACC o xidase 

activity does exist. 

5. SUMMARY 
Plants of white clover, genotype l OF, were propagated by the method of Butcher ( 1 996) to 

produce individual stolons that contained leaf tissue representative of all stages of 

development, from leaf initiation, maturation through to senescence. The pattern of 

senescence was highly reproducible between harvests. The onset of chlorophyll loss (the 



Summary 215 

measure of senescence in this study) occurred in leaves between nodes nine to eleven. 

Comparatively low levels of ethylene were evolved from mature green leaves, whereas a 

large increase in ethylene evolution was measured from senescing leaf tissue. The increase 

in ethylene evolution occurred after chlorophyll levels had clearly started to decline. 

Coincident with the increase in ethylene evolution of the leaves was an increase in ACC, 

the enzymatic precursor of ethylene. This strongly implicates increased activity of the 

ethylene biosynthetic pathway as the cause of the increased ethylene production. 

The regulation of ethylene biosynthesis during leaf maturation and senescence was further 

investigated by measuring the changes in ACC oxidase activity. ACC oxidase activity in 

vitro decreased as the leaves senesced. The decline in activity was coincident with the 

onset of chlorophyll loss and was more pronounced when activity was expressed on a per 

unit fresh weight basis (as compared with per unit protein basis). 

A review of the literature suggests that this is the first study that has examined changes in 

ACC oxidase activity during ageing of leaf tissue. However, enzyme activity has been 

measured in other ageing tissues such as ripening fruit (Barry et al., 1 996) and senescing 

carnation petals (Nijenhuis-De Vries et al. , 1 994). In these tissues, unlike the leaf tissue 

used in this study, enzyme activity was found to increase during ageing. 

Gene transcripts encoding ACC oxidase were identified and gene expression studies 

undertaken in order to further understand the regulation of ACC oxidase activity during 

leaf maturation and senescence. The coding regions of putative ACC oxidase gene 

transcripts were generated using an RT-PCR approach. The sequences could be grouped 

(based on homology) into two distinct classes, designated TR-ACOl and TR-AC02. TR­

ACO l and TR-AC02 showed 84 % similarity in nucleotide sequence and 87 % similarity in 

amino acid sequence. The TR-ACO l and TR-AC02 sequences were validated as encoding 

ACC oxidase by comparison with other ACC oxidases in the GenBank database. 

Southern analysis using TR-ACO l and TR-AC02 sequences as probes indicated that both 

were encoded by distinct genes.  However, the multiple genomic fragments recognised in 

each lane by each probe indicated that there may also be additional closely related genes. 

Changes in gene expression of TR-ACO l and TR-AC02 during leaf maturation and 

senescence were examined using northern analysis. TR-ACO l hybridised to a single RNA 

transcript of ca. 1 .35 Kb on the northern blot that was highly expressed in mature green 

leaves, but declined in the leaves as they senesced. The pattern of TR-ACO l gene 
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expression closely followed ACC oxidase activity measured in vitro. By contrast, TR­

AC02 hybridised to two RNA transcripts of ca. 1 . 17 Kb and 1 .35 Kb on the northern blot. 

Expression of the 1 . 17 Kb and 1 .35 Kb transcripts was low in mature green leaves, but 

increased prior to the onset of senescence to be highest in the senescent leaves.  Therefore, 

the enhanced gene expression of the TR-AC02 transcript did not correlate with the 

declining activity of ACC oxidase activity as measured in vitro. 

The hybridisation of TR-ACO l and TR-AC02 to multiple genomic fragments on the 

Southern blot, together with the finding that TR-AC02 also hybridised to two RNA 

transcripts on the northern blot, suggested that both TR-ACO l and TR-AC02 may not be 

specific for single genes. That is, they may be hybridising either to closely related, but 

distinct TR-AC0 1 -like genes or closely related but distinct TR-AC02-like genes. Previous 

studies have shown that the 3'-UTR of ACC oxidase transcripts is the region that shows 

greatest sequence divergence. Therefore, the 3 '-UTR of both TR-ACO l and TR-AC02 

were generated and used to confirm the hybridisation patterns previously observed in the 

Southern and northern analyses. 

The 3 '-UTR of TR-ACO l hybridised to all the genomic fragments recognised by its 

cognate coding frame. This suggests that all these fragments must contain a 3'-UTR. 

Since a characteristic of ACC oxidase gene transcripts is divergence in the 3 '-UTR, the 

finding that they must contain, at the very least, similar 3'-UTRs suggests that the 

fragments are not representative of different genes, but are more likely to be either a result 

of gene duplication or due to the existence of polymorphic alleles (of which there can be up 

to four as white clover is allotetraploid - i.e. it contains two independently segregating 

genomes). 

The 3 '-UTR of TR-AC02, in contrast to TR-AC0 1 ,  hybridised to only a subset of the 

fragments recognised by its cognate coding frame on the Southern blot. This suggests that 

the other genomic fragments do not contain the 3'-UTR. This may have arisen if there 

were sites for all three restriction enzymes in putative introns, or (and what is considered 

most likely) if the other genomic fragments contained a different 3'-UTR to that of TR­

AC02. This gene would therefore have a very similar coding region to TR-AC02, but 

divergent 3'-UTR and thus be considered a distinct gene as opposed to a polymorphic allele 

of the same gene. The hybridisation of the 3'-UTR of TR-AC02 to only the 1 .35 Kb 
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transcript and not the 1 . 17 Kb transcript on the northern blot is further evidence for the 

existence of a second, as yet undefmed, TR-AC02-like gene sequence in the genome. 

The cause of the apparent anomaly between high TR-AC02 gene expression and low 

enzyme activity in vitro in the chlorotic extracts was further examined. Alteration of both 

the extraction and assay conditions used for measurement of enzyme activity in vitro did 

not provide evidence for activity in the mature green extract being preferentially measured 

compared with activity in the senescent extract (and so therefore could not explain the 

decline in activity) . Analysis using antibodies was then undertaken to examine further the 

regulation of ACC oxidase during leaf maturation and senescence. This approach can be 

independent of activity as a functional enzyme is not required for recognition using 

antibodies. The antibodies raised against the translation products of TR-ACO l and TR­

AC02 both recognised a protein of 36.4 kDa (the size expected from a consensus of 

published ACC oxidase sizes). The pattern of accumulation matched gene expression of 

TR-ACO l and ACC oxidase activity in vitro. This suggests that either the TR-AC02 

protein is not being expressed, is rapidly turned over, or that the western analysis is not 

quantitative. 

The lower enzyme activity in the chlorotic extracts may have been due to the greater 

instability of the enzyme in these extracts. Therefore, it was of interest to elevate gene 

expression of TR-AC02 (the senescence-associated transcript) in mature green leaves (i.e. 

away from the chlorotic tissue environment) and observe whether ACC oxidase activity 

could then be correlated with levels of the TR-AC02 transcript. Elevation of the TR­

AC02 transcript in mature green leaves was accomplished by incubating wounded 

detached leaf tissue in the dark. However, elevated gene expression of TR-AC02 did not 

result in either increased accumulation of the 36.4 kDa protein or increased ACe oxidase 

activity in vitro. This again suggests that the protein encoded by the TR-AC02 gene is 

either under some form of post-transcriptional regulation, is rapidly turned over, or is 

induced and active, but cannot be measured using both an activity assay and antibodies. 

The above experiment raised the possibility that the wound-induced induction of TR-AC02 

was being mediated independently of ethylene. This was because the act of detachment 

followed by dark incubation (which did not significantly elevate ethylene production) was 

sufficient to elevate TR-AC02 gene expression. 
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To examine further the cause of TR-AC02 induction, leaves were detached and either 

wounded or not, and incubated in the presence of the ethylene adsorbing compound, 

Purafil. Purafil has previously been shown to be effective in delaying chlorophyll loss (an 

ethylene-mediated event) in leaf tissue of white clover (Butcher, 1 997), and so Purafil may 

be expected to delay the increase in TR-AC02 induction if the induction is mediated solely 

through ethylene. It did not, and was therefore consistent with the induction being 

independent of ethylene action. A criticism, however, of using Purafil is that the compound 

can only remove ethylene after it has passed through the tissue, and the ethylene therefore 

will have had the opportunity to interact with its receptor. Thus, it was considered 

appropriate to confirm the results obtained with Purafil using an inhibitor of ethylene 

action, ( I -MCP). 

Leaves were now wounded while still attached to the plant as the aim was also to examine 

gene expression under more physiological-type conditions. Wounding increased gene 

expression in attached leaves as it had done so in detached, confirming that the induction of 

TR-AC02 occurs in planta. Pretreatment of the leaves with I -MCP prior to wounding 

also did not prevent the increase in TR-AC02 gene expression. This suggests that the 

increase may be independent of ethylene. However, because pretreatment of leaves with 1 -

MCP also elevated levels of the TR-AC02 transcript in non-wounded leaves, it cannot be 

concluded that wounding induces the TR-AC02 transcript independently o f  ethylene. 1 -

MCP treatment decreased expression o f  the TR-ACOl gene transcript in non-wounded 

leaves.  This appears to be inconsistent with I -MCP acting as an ethylene action inhibitor, 

because it suggests that TR-ACO l gene expression would be high when levels of ethylene 

are high, which it is not. TR-ACO l gene expression is low in conditions where ethylene 

production has been shown to be elevated (i.e. wounding and senescence). It appears then, 

that I -MCP, in this study has acted more as an elicitor of chemical stress, than as an 

inhibitor of ethylene action. 

An additional difference that became apparent from studying gene expression of TR -ACO 1 

and TR-AC02 in non-wounded attached leaves (not treated with I -MCP) was that TR­

ACO l gene expression (but not TR-AC02) appears to be under a circadian-type control. 

This in-turn may provide a further avenue from which to examine the cause of the declining 

ACC oxidase activity in senescing leaves. Preliminary evidence suggests that the lower 

activity of the chlorotic extract does vary with time of day, and since TR-AC02 gene 

expression appears not to be under circadian regulation, this suggests that the assay is 
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measuring predominantly the declining activity of the TR-ACO l -encoded enzyme. 

However, further experiments will be needed to show this unequivocally. 

5.1 Future Work 

This study has uncovered many interesting avenues that can be pursued further. One, that 

may not be directly related to ethylene biosynthesis, is to examine further the origin of the 

substance(s) induced by wounding that give rise to the large amounts of non-ACC derived 

ethylene in the Lizada and Yang assay. 

The discrepancy between TR-AC02 gene expression and activity in vitro should be 

clarified. This should involve purification of the isoenzymes encoded by the TR-ACO 1 and 

TR-AC02 gene transcripts and detailed kinetic characterisation (including measurements of 

Km, and catalytic efficiencies). The gene expression studies have indicated that mature 

green leaves should be an excellent source of the enzyme encoded by the TR-ACO l 

isoenzyme while senescing leaves will be an excellent source for the TR-AC02 enzyme. 

Wounded mature green leaves (after a 24 h incubation) may be an alternative source of the 

TR-AC02-encoded isoenzyme, as at this time TR-ACO I gene expression is low, while that 

of TR-AC02 is elevated. Purification and kinetic characterisation of TR-ACO l and TR­

AC02 is already well underway by Dr Deming Gong. 

The differential regulation of TR-ACO l and TR-AC02 is of further interest. If the ca. 

1 . 17 Kb transcript recognised by the coding region of TR-AC02 is, as predicted, encoded 

by a distinct gene to that of the 1 .35  Kb recognised by the 3'-UTR of TR-AC02, then the 

coding frame of TR-AC02 should be used to reexamine whether the 1 . 17 Kb transcript is 

induced by wounding. It may not be. 

Intact plants should be treated with ethylene to clarify whether TR-ACO l and TR-AC02 

regulation can be mediated through ethylene, and further experiments should carried out 

with I -MCP to confirm that the wound-induced induction of the TR-AC02 gene transcript 

can be independent of ethylene. In this regard, other ethylene action inhibitors such as 

NBD or STS may be required, as I -MCP application appeared to act more as a stressor of 

plant tissues than an inhibitor of ethylene action. 

The promoter elements of TR-ACO I and TR-AC02 should be identified (for example, by 

inverse PCR or screening a genomic library) and response motifs (for example, 
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developmental, wound, ethylene, pathogenesis related) characterised (for example, by 

GUS-promoter fusion studies). 

Nuclear factors that interact with the response motifs could be identified by gel shift assays 

and their genes cloned using a cDNA expression library. Gene expression of the DNA 

binding proteins themselves could then be examined. 

This study on ACC oxidase provides only part of the answers to how ethylene production 

is controlled during leaf maturation and senescence. A more complete picture requires that 

ACC oxidase gene expression and activity be integrated with ACC synthase gene 

expression and activity, as both enzymes are equally committed (and important) for the 

production of ethylene in plants. Three distinct ACC synthases have now been isolated in 

leaves of white clover. Their expression during leaf maturation and senescence is currently 

being examined by Trish Murray at the Institute of Molecular BioSciences, Massey 

University, NZ. 
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