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Abstract

Ethylene (C,Hs) biosynthesis has been investigated during leaf ontogeny in white clover
(Triforium repens L. cv. Glassland challenge, genotype 10F) with a particular emphasis on the
production of the hormone in the apex and newly initiated leaves (designated as leaves 1 and
2). In these developing tissues, a relatively higher rate (5 to 6-fold) of ethylene production (0.5
to 0.9 nL C,Hs gFwt' hr') was associated with a higher accumulation (1.5-fold) of 1-

aminocyclopropane-1-carboxylate (ACC), when compared with mature green leaves.

Genes encoding the ethylene biosynthetic enzymes, ACC synthase (ACS) and ACC oxidase
(ACO) have been cloned to characterise ethylene biosynthesis at the molecular level. The
partial protein-coding regions of ACS genes have been cloned using reverse transcriptase-
dependent polymerase chain reaction (RT-PCR) with degenerate nested primers using cDNA
templates from RNA isolated either the apex or leaf 2. These ACS genes were identified and
designated as TRACS1, TRACS2 and TRACS3. TRACSI] (680 bp) is 72% and 64%
homologous to TRACS2 (674 bp) and TRACS3 (704 bp), respectively, and TRACS2 and
TRACS3 are 63% homologous, in terms of nucleotide sequence. TRACSI1 shows highest
homology with PS-ACS2, an ACS cloned from etiolated pea (Pisum sativum) seedlings which
is induced by IAA and wounding. TRACS2 shows highest homology with MI-ACS1, an ACS
cloned from mature mango (Mangifera indica) fruit. TRACO3 shows highest homology with
VR-ACS7, an ACS cloned from etiolated hypocotyls of mung bean (Vigna radiata) and also
PS-ACSI1, an ACS cloned from etiolated pea seedlings which is induced by IAA, but not by
wounding.

The TRACS3 gene was expressed as a 1.95 kb transcript mainly in the apex and newly initiated
leaves as determined by northern analysis. TRACSI has not been detected in the tissues

examined. The expression of TRACS2 has not been determined.

Three ACO genes, comprising ca. 1100 bp of the protein-coding region and 3’-untranslated
region (3’-UTR) have been cloned using a combination of RT-PCR and 3’-rapid amplification
of cDNA ends (3’-RACE), and designated as TRACO1, TRACO2 and TRACO3. Comparison



of a 813 bp protein-coding region of TRACOI1, generated by RT-PCR using degenerate
primers on cDNA templates from RNA isolated from the apex shows 77% and 75% homology
to the protein-coding region sequences of TRACO2 (804 bp) and TRACO3 (816 bp),
respectively, generated by RT-PCR using degenerate primers on cDNA templates from RNA
isolated from leaf 2. The TRACO2 and TRACO3 protein-coding region sequences show 84%
homology. The technique of 3’-RACE generated 3’-UTR sequences of 301 bp (TRACOI1),
250 bp (TRACO?2), and 92 bp (TRACO3) each amplified using mRNA extracted from the
apex. The 92 bp 3’-UTR of TRACO3 has been shown to be a truncated version of a 324 bp
sequence amplified from TRACO3 expressed in senescent leaf tissue of white clover (Dr. D.
Hunter, IMBS, Massey University, personal communication), and it is this full-length version
that was used in further experiments. The 3’-UTR sequences of the three ACO genes are more
divergent, when compared with the protein-coding regions, showing 61%, 55%, and 59%
homology between TRACOl and TRACO2, TRACO!l and full-length TRACO3, and
TRACO?2 and full-length TRACO3, respectively. Using these 3’-UTR sequences as gene-
specific probes, Southern analysis revealed that the three ACO genes are encoded by distinct

genes in the white clover genome.

Northern analysis, using either protein-coding regions or 3’-UTRs as probes, determined that
the TRACOI gene was expressed as a 1.35 kb transcript almost exclusively in the apex and the
TRACO2 gene was expressed as a 1.35 kb transcript mainly in newly initiated leaves and
mature green leaves, with maximum expression in newly initiated leaves. This pattern of gene
expression coincides with the high rate of ethylene production from the apex and newly
initiated leaves in white clover. The apex tissue-specific TRACO1 gene was also detected in
axillary buds, and the mature leaf-associated TRACO2 gene was expressed in other mature
vegetative tissues, including internodes, nodes and petioles. Both TRACO1 and TRACO2
genes are highly expressed in roots.

TRACO3 gene expression was not detected in apex and mature green leaf tissues examined
using the 3’-UTR gene-specific probe, but two transcripts (1.17 kb and 1.35 kb) were

visualised using the protein-coding region probe and with an extended exposure time.



ACO enzyme activity, in vitro, was highest in just fully expanded mature green leaves (leaf 3
and leaf 4) during leaf ontogeny in white clover. Apex, axillary bud and floral bud tissues show
a relatively higher enzyme activity, when compared with mature nodes and internode tissues,
but lower than that measured in petiole tissue. Highest activity of ACO, in vitro, has been

detected in root extracts.

Polyclonal antibodies, raised against the TRACOI1 gene product expressed in E. coli,
recognised a high molecular weight (ca. 205 kD) protein complex with highest accumulation in
the apex. This complex was also detected in axillary bud, floral bud, and leaf 1 tissue.
Immunoaffinity-based purification of the ca. 205 kD protein was carried out to obtain sufficient
protein for amino acid sequencing. However, no sequence was obtained.

Polyclonal antibodies, raised against the TRACO?2 gene product in E. coil, recognised ACO
protein (ca. 36 kD) in newly initiated leaves and mature green leaves as well as petioles and
roots. This recognition pattern coincides with ACO enzyme activity, in vitro, as well as

TRACO?2 gene expression in the tissue.

Expression of the TRACO2 and TRACO3 genes has been characterised in response to a
combination of wounding, ethylene, indole-3-acetic acid (IAA), aminoethoxyvinylglycine
(AVG), and 1-methylcyclopropene (1-MCP) treatments using mature green leaves. Expression
of TRACO2 gene is enhanced in response to ethylene and IAA. Ethylene-induced TRACO2
gene expression was not blocked by 1-MCP. Expression of TRACO3 was induced in response
to wounding in mature green leaves. Wound-induced TRACO3 gene expression was not
induced by the ethylene produced in the leaf tissue, indicating ethylene-independent ACO
expression in the wounded leaves. Induction of either TRACO2 by IAA treatment or
TRACO3 by wounding was delayed with AVG treatment of mature green tissue, suggesting

that changes in ACS activity in the tissue is associated with induction of ACO gene expression.



Acknowledgment

I would like to thank Dr. Michael T. McManus and Professor Paula E Jameson for their
valuable advice and deep understanding throughout my Ph.D. period. In particular, Dr.
McManus has been patient and inspiring, and has been an excellent role model as a scientist. I
cannot thank you enough, Michael. Professor Jameson has been supportive and I thank you for
giving me a once in a life time chance of meeting Michael. I also thank Dr. Veit for valuable

discussion throughout.

I thank my first lab teacher, Dr. Butcher for giving me such a flying start.
Lyn has been wonderful both for understanding and for helping out in many aspects.
Especially, I thank you for your patient listening. Dr. Don, my lab partner, I appreciate deeply

your generous help throughout. It’s been a great pleasure being with you.

I thank Deming for assisting my write up, Richard for the phylogenetic tree analysis, Leon for
assistance with scanning, Nena for helping out with the in situ hybridisation and Carmel for

much technical advice. Thank you very much all!

Ranier and Angelika, I thank you for sharing friendship. You’ve been so nice to me and my

wife. Dan! Well, what can I say? Thanks anyway.

I would like to thank my great lab mates, Greg, Kusmin, Huaibi, Trish, Celia, Simone, Nigel,

Robert H, Don, Suzanne. Thank you all!

I would like to thank Institute of Molecular BioSciences, Massey University for the opportunity
to use laboratories and other facilities. I would like to thank to Dr. Mike Hay, Grasslands,
AgResearch, for financial support. I would also like to thank NZSPP and IMBS for travel
grants to attend 16™ International Congress of Plant Growth Substances and Annual NZSPP

meetings.



vii
Table of Contents
A SRraCt. ... e iii
Acknowledgement.......... ... e Vi
Table of contents. ...... ..o vii
List Of figures. .. ... xvii
List Of tables. ... ..o e xxiii
Abbreviation.............cooiiiiii XXV
Chapter 1. Introduction

LI I O 1= o = PP 1
1.2 Ethylene in plant biology..........cc.uieiiiiiii e 1
1.3 Ethylene perception and signal transduction...........c.ccceviiiiiiiiiiiiiiniiineaaes 3
1.3.1 Ethylene responsive mutants............coooioiiii i 3
1.3.2 Ethylene perception...... ..o 5
1.3.3. Ethylene signal transduction..............coiiiiiiiiiii e 7
1.3.4. Ethylene responses in the NUCIEUS..............coiiiiiiiiiiiiiii e 9
1.4 Ethylene biosynthesis in higherplants...........c.cooiiiiiiiii e 9
1.4.1 SAM SyNthetase........c.coininiiii e 10
1.4.2 ACC SYNthase (ACS).....c.iuiiiiiiiiiiiie e e e e 10
1.4.2.1 Biochemical studies of ACS..........ccoooiiiiiiiiii e, 10

Low protein expression of ACS iSOfOIMS...........cccovuveveiiiiiiniiiiniieneaenannn, 12

Rapid inactivation of ACS enzyme activity during catalysis....................... 13

1.4.2.2 Molecular studies of ACS.........cooiiiiiiiiii e 15
Cloning and expression studies of ACS genes.............cccccvveeneiinineninnnen. 15

A. The ACS multigene family in tomato plants..................cccoeiiiiinis 15



Viil

B. Characterisation of differential ACS gene expression

INtOMAto PlANTS. ... 18
C. Regulatory mechanism in expression of tomato ACS genes.............. 19
D. Post-transcriptional regulation of tomato ACS gene expression......... 20
E. The ACS multigene family in mung bean..................coooiiiiiiininie, 21
F. ACS multigene in Arabidopsis thaliana.................c.cccccoeviiiiiieninennn. 22
Molecular characterisation of ACS genes using heterologous expression
SYSIOIMIS. ... e 24
1.4.3 Conjugation of ACC...... ... e 28
1.4.4 ACC 0Xidase (ACO).....cueririiiiieie et et a e, 29
1.4.4.1 ldentification of genes encoding ACO and recovery of ACO activity,
IR 1o T PPN 30
1.4.4.2 Biochemical Studies. .........cccuiuiiiniiiiiiiie e 31
Biochemical characterisation of ACO.............cccoeieiiiiiiiiiiiiieiiieieieaeenn, 31
Characterisation of recombinant ACO proteins............c.ccceoeueeeieiuiienanan.. 33
Tissue localisation Of ACO..........cuuiie it 35
Evidence for the occurrence of ACO iSOforms. ............cccccceeuiiininininen. 36
1.4.4.3 Molecular StUdI@s. ..........couiuiiiiie e 37
A. Identification of ACO genes in plant species............ccoceeiiieiiinenen.. 37
B. Expression of ACO genes in plant tissues.............ccceveiiiiiiennnnen.n. 39
C. Transgenic plant analysis.............ccooeiiiiiiiiiiii e, 41
D. Post-transcriptional regulation of ACO gene expression.................. 42
E. ACO gene expression and ethylene biosynthesis........................... 43
1.5 Ethylene biosynthesis and developing tissue in higher plants........................ 45
1.5.1 Physiological Studies. ...........coeuiiiniiiiiii e, 45
1.5.2 Molecular StUAIES. ........ciuiiiii e e 47

1.6 Ethylene biosynthesis in developing tissues of white clover........................... 50



LAY Y130 ) (= 11T 1 £ o DT 53

Chapter 2. Materials and Methods

2 Plantmaterial.... ..o 55
2.1.1 Clonal propagation of the white clover model growth system.................... 55
2.1.2 Harvesting of plant material..............cccoiiiiiiiiiii 56
2.1.3 Treatment of plant tissUe.........cciiiiiiiii 58

2.1.3.1 Ethylene treatment of detached leaf tissue.................c.coooiiiiiiiiits 58
2.1.3.2 Ethylene treatment of whole plants............c.ccoooiiiiiiiiiiiiiii 58
2.1.3.3Wounding treatment.............ooiiriiiiiiiiii i e 60
2.1.3.4 Indole-3-acetic acid (IAA) treatment............cccovviiiiiviiiiiiiinn 60
2.1.3.5 Aminoethoxyvinylglycine (AVG) treatment..............cccceiviiiiininnnnnn, 60
2.1.3.6 1-Methylcyclopropene (1-MCP) treatment.............cccccvvvviviininininnen 60

2.2 Physiological analysis of leaf ontogeny............cccooiiiiiiiiiiiiiiin i, 61
2.2.1 Growth measurement during leaf ontogeny..............c.cociiiiiiiiiiiinnen. 61
2.2.2 Chlorophyll quantitation............c.oooi it 61
2.2.3 Analysis of photosynthetic activity............ooiiiiiiiiiiii i 62

2.2.3.1 Measurements of CO, exchange.........ccoeveviiiiiiiiiiiiiiicicicne e, 62
2.2.3.2 Measurements of chlorophyll florescence..............c.cocviiiiiiiiinnne. 62
2.2.4. Ethylene analySiS.......c.uuvuiitiiiiiiit e e e e 63

2.2.4.1 Measurements, in vitro, of ethylene production

(USING EXCISEA tISSUES)......iuiieii it i e e e e e e e aeenes 63

2.2.4.2 Measurements, in vivo, of ethylene production (using intact tissues)...63

2.2.4.3 Ethylene measurement...........c.oevviiiiiiiiiiiiini et e 63
Using photo ionisation detector (PID)................ccouiiiiiiiiiiiiiiiiiineenenns 63

Using flame ionisation detector (FID)..............c.cooiiiiiiiiiiiiiiiiiiiiiiiennanns 64



2.3 Biochemical analysSis..........o.viiuiiiiiiiiie e 64
2.3.1 ACC quantitation..........coovuiiiiii i e e e 64
2.3.1.1 ACC extracCtion.........ccueuiuieiiiie e 64
2.3.1.2 AsSay Of ACC ... eueiiiiiiiiiii e ettt e e e enens 65
2.3.2 Analysis of ACO activity, in VItro.............cccoiiiiiiiiiiiiiiiii e 65
2.3.2.1 Protein extraction for assay of ACO activity, in vitro......................... 65
Crude protein extraction without ammonium sulphate fractionation............ 65
Protein extraction with 30%-90% (w/v) saturated ammonium sulphate....... 66
Fractionation.................ccouuiuiiiiniiiiiiiiiii e 66
2.3.2.2 Sephadex G-25 column chromatography...........cccooveviiiieiiniiininnenen. 66
2.3.2.3 Assay of ACO activity, in VItro............ccceevuvineiiieiiieiiiiinieiieieenea, 67
2.3.3 Protein quantitation............cooiiiiiiiiin e 67
2.3.4 Protein analysis by SDS-PAGE..........cccocoiiiiiiiiiiiiiicce e 67
2.3.4.1 SDS-PAGE using the Bio-Rad mini gel system..............c.coceveiennnnen. 67
2.3.4.2 SDS-PAGE using gradient polyacylamide gel..............ccoviiiiininnnnen. 69
2.3.4.3 Visualisation of SDS-PAGE gels........cccooiiiiiiiiiiiiiiiciiii e, 70
Coomassie Brilliant Blue (CBB) Staining...............ccoooiveeeieiiiienineiiinnee. 70
SHVEE StAINING. .........cuiuiii e 71

Size estimation Of ProteiNs. .............cc.eeuiuiiiiuiiiiiiiiiii e 71

2.4 MoleCUlar @NalySiS. .......oueuieieiniiie e e e e 71
2.4.1 Extraction of nucleic acids............ccoeiiiiiiiiiiiii e 72
2.4.1.1 Genomic DNA extraction............cccooeeiiiiiiiiii e 72
2.4.1.2. BNA extraction.........c.oninininii i 72
TOtal RBNA. ...... e e e e 72
Poly(A) MRNA eXtraction.................ccceiuueieiiieiieiiee e e

2.4.1.3 Nucleic acid quantitation

2.4.2 Reverse Transcriptase dependent Polymerase Chain Reaction
(RT-PER) . . . . commrmrmmmcss -  « « - s e « S« «« - « STESETRETET. « « « « - TEERERL - - - S « TEEREEREAR < 75

2.4.2.1 Generation of cDNA using reverse transcriptase.............c.c.coceueuee.e 75



Xi

2.4.2.2 Amplification of cDNAs by PCR.......c.ooiiiiiiiiiiiiiire e e 76
PCR amplification of ACS and ACO genes encoding
Protein-Coding rEGIONS. ..............cuueuuu e eaeneaaeaaes 76
PCR amplification of ACO genes encoding 3'-untranslated regions............ 76
2.4.3 Nucleic acid gel electrophoresis.........ccooviiieiiiiiiiiir e, 78
2.4.3.1 Agarose gel forDNA. ..., 78
2.4.3.2 Agarose-formaldehyde gel for RNA...... ..o 78
2.4.3.3 Visualisation of nucleic acidson gels............cccocviieiiiiiiiiiiiiiinnenn, 79
2.4.3.4 Size estimation of nucleic acids...........c.cooeviieiiiiiiiiiiiiii 79
2.4.4 Cloning of PCR products in E. COMli...........ccocveiuiiiiiiiiiiiiiii i 79
2.4.4.1 DNA purification from the agarose gel............ccoveeiiiiiiiiiiiiiiiniinnnns 79
Use Wizard™ mini-COIUMIN. .............ccooiiiiiiiii i 79
Use freeze — squeeze Method............c.veiieiieeiiiii et ean, 81
2.4.4.2 Ligation of PCR products with PCR®2.1 vector...........c.cccccvieiinennt. 81
2.4.4.3 Transformation of E. coliwith pPCR®2.1 vector............ccceeveviiiininnn, 82
Preparation of LB media and LB-Amp'® plate............cccccceeiiiiiieiiienennn... 82
Preparation of competent CelIS................cuiiiiiniiiiiiiiiiiiiiiniiiinieens 82
Heat shock transformation of E. COli............coeiiiiiiiiiiiiiiiiiiiiiiieeeas 83
2.4.5 Characterisation and sequencing of cloned DNA in E. cOlli....................... 83
2.4.5.1 Plasmid purification...........cooiiiiiiiii e 83
2.4.5.2 Digestion of plasmid DNA with restriction enzyme........................... 84
2.4.5.3 Sequencing of plasmid DNA in transformed E. cOli.............c............. 84
2.4.6 DNA SeQUENCE @NalySiS.....oueiuiieitiitiit et iet et e ettt eaeenaenreeaenaeen 85
2.4.6.1 Sequence alignment...........co.iiiiiiiiiiiii e 85
2.4.6.2 Sequence phylogenetic analysis.........c..cccviiiiii i, 85
2.4.7 Southern and northern analysis of nucleic acids.............c...ccoviiveieneen.e 85
2.4.7.1 SoUthern @nalySiS.........ouitiiiiiiiiiiee et e e e ee e eaens 85
Digestion of genomic DNAL..............couiu it 85
Southern gel and BIOttING. ...............coueiiiiuiiiiiii e 86

2.4.7.2 Northern analysis. . .........coviiiiieninii e 87



Xii

Agarose-formaldehyde gel................c.oueiiiiiieiiiiii i 87
NOMNEIN BIONG. ........c.v et e e 88
2.4.7.3 Labeling DNA probes using radioactive dCTP or dATP.................... 88
Labeling with [alpha® -PZJ-dCTP..........c..ccouiiiiiiiieiieieiieeeee e 88
Labeling with [alIpha-P J-aATP..............ouueeeeeiieeeeeeeeeeee e eee e, 89
2.4.7.4 Hybridization, washing and visualisation..............c..cooiiiiiiiiiien... 89
2.4.7.5 Stripping nylon membranes............cccoeiiiiiiiiiiiii e, 90
2.4.8 Heterologous protein expression in E. COli............cccoviiviiiiiiiiiinniinnnnn.n. 90
2.4.8.1 Protein expression using pPROEX-1 vector...........cccociviiiiiiinennnnn. 90
2.4.8.2 Preliminary expression of introduced genes in E. colli....................... 92

2.4.8.3 Purification and characterisation of expressed proteins using

Ni-affinity ColuMIN.... ... 92
2.4.8.4 Bulk purification of protein expressedin E. cOli.................cccccovienne. 93

2.5 Immunological analysSiS.........c.ciuiuiiiiiiiiii i e e eeeas 94
2.5.1 Production of polyclonal antibodies (PAD)...........c..ccccooiiiiiiiiiiiniiieenen, 94
2.5.1.1 Animal immunisation and separation of serum...................c.oceeneee. 94
2.5.1.2 Isolation of IgG from the PAb1 serum...........cccocooeiiiiiiiiiiiiiiiiienen, 95
2.5.2WeSstern @nalysSiS........ouiuiiiiiii it e e 95
2.5.3 Enzyme-linked immuno-sorbent assay (ELISA).............ccocvvvviiiiniiennnnnn. 97
2.5.4 Immunoprecipitation with Protein G-beads conjugated with PAb1............. 97
2.5.5 Cynogen bromide (CNBr)-activated column chromatography................... 98
2.6 Statistical @analysis........c.oeiuiiiiiiii e 99

Chapter 3 Results
Part 1: Physiological and biochemical analysis of clonal growth of white clover
3.1.1 Leaf development of white clover.............c.ooiiiiiii i, 100
3.1.1.1 Physiology of leaf development.............ccooiiiiiiiiiiiiiiiiieee, 100
3.1.1.2 Changes in photosynthetic activity during leaf ontogeny



INWHItE ClOVET.. ... e e 104
Changes in chlorophyll content.................cceeiiiiiiiiiiiieieeieeeee e 104
Photosynthetic @CHiVIRY..............ceeieiiiiiie i 107

3.1.2 Ethylene production in the developing apex and newly initiated leaves....112
3.1.2.1 Measurement of ethylene production..............c.cocoviiiiiiiiiiiann.. 112

3.1.2.2 Measurement of ethylene production, in vitro, over a longer time

= o 1N 114
3.1.3 Biochemical characterisation of ethylene biosynthesis in white clover...... 114
3.1.3.1 ACC content in white ClOVer...........cccoiiiiiiiiiiiii e 114
3.1.3.2 ACC oxidase activity in vitro in white clover...................cooeeiienine. 117

ACC oxidase enzyme activity during early development and maturation
OF IEAf HSSUE. ........oueiiiiei e e 117

ACC oxidase enzyme activity in various plant organs of white clover........ 119

Part 2: Molecular cloning and characterisation of ACC synthase genes in white clover
3.2.1 ACC synthase genes in developing tissues of white clover.................... 121
3.2.1.1 Cloning and sequencing of protein-coding regions of putative

ACC synthase genes expressed in the developing apex and a newly initiated

1EATF (1€AF 2) ... eeiriieiit e e 121
3.2.1.2 Sequence analysis of ACS cDNA.........coiiiiiiiiii e 128
3.2.2 Expression of ACS genes during leaf ontogeny..............c.c.cccoieninis 133

Part 3: Molecular cloning and characterisation of protein-coding regions of ACC
oxidase genes in white clover
3.3.1 ACC oxidase genes in developing tissues of white clover...................... 137

3.3.1.1 Cloning and sequencing of protein-coding regions of putative
ACC oxidase genes expressed in the developing apex and a newly
initiated leaf (Ieaf 2)..........coouiriiiii i s 137
3.3.1.2 Sequence analysis of protein-coding regions of putative
LY 1@ o T=T 1= 145



X1V

3.3.2 Expression of protein-coding regions of TRACO1 in E.coli..................... 149
3.3.2.1 Expression and purification of TRACO1 protein in E. coii................ 149
3.3.2.2 Characterisation of ACO protein purified from transformed E. coli.....153

3.3.3 Expression of ACO genes during leaf ontogeny.............c.coooviiiiiiiien... 159

Part 4: Molecular cloning and characterisation of 3'-untranstated regions (UTRs) of

ACC oxidase genes in white clover
3.4.1 Cloning and sequencing of 3'-UTRs of ACC oxidase genes expressed

IN the deVEeIOPING @PEX. .. ...ttt e e a e eae e e 163
B4 11 TRACOT . 163
B 1.2 TRACOZ. .. e e 167
341, 8. TRAC S ..ot e 171
3.4.1.4 Sequence analysis of ACOCDNA........coiiiiiiiiiireeea 175

3.4.2 The multigene family of ACO in white clover...........ccccoiviiiiiiiininnnnen.. 179
3.4.2.1 Three gene-specific probes using 3-UTRs of ACO genes............... 179
3.4.2.2 Genomic Southern analysis..........cccoviiiiiiiiiiiiiiiic e 179

3.4.3 Expression of ACO genes in white clover.............ccccocvviviiiiiinniiinen.n. 182
3.4.3.1 Expression of ACO genes during early leaf development................ 182
3.4.3.2 Organ-specific ACO gene expression........cccvuvevriieiiiieineniieinennenn 182

Part 5: Expression of ACO proteins in white clover
3.5.1. Characterisation of three polyclonal antibodies produced against
proteins expressed from three TRACO genes using bacterial system.............. 186

3.5.1.1 Characterisation of PAbs using TRACO proteins expressed

N B0l s . . . rovmmmnn . . . s « « » SEEREE <« « SRR « s « JTRRT, » SRS, » S - 186
3.5.2 Expression of ACO proteins in the developing apex and leaf tissues.......190

3.5.2.1 Characterisation of ACO protein accumulation with PAb1............... 190

3.5.2.2 Characterisation of ACO protein accumulation by PAb2.................. 190
3.5.3 Expression of ACO protein in different organs of white clover................. 194

3.5.4.Characterisation of apex-specific antigen.............cccocvvviiiiiiiinnnnnnnn. 197



XV

3.5.4.1 The use of the enzyme-linked immuno-sorbent assay (ELISA)......... 197
3.5.4.2 Immuno-precipitation using protein-G beads..............cccoceiiiiiennnn. 199
3.5.4.3 Bulk purification of ca. 205 KD antigens using

PADb1 affinity COlUMN........oo e 202

Part 6: Molecular characterisation of differential expression of ACC oxidase genes

expressed in mature green leaves of white clover

3.6.1 Wounding-induced expression of ACC oxidase genes................ccc.u.... 206
3.6.1.1 Excised leaf wounding system..........ccooviiiiiiiiiiiiiiiiiiinneeee 206
3.6.1.2 Intact leaf wounding system.........c.coiiiiiiiiiiii e 206
3.6.1.3 Wounding of intact leaves and AVG treatment......................c...eeee 209

3.6.2 Ethylene-induced expression of ACO genes............ccoeiiiiiiiiiiniinninns 209
3.6.2.1 Ethylene treatment with excised mature green leaves..................... 211
3.6.2.2 Ethylene treatment with intact mature green leaves........................ 211
3.6.2.3 Ethylene and 1-MCP........ccciiiiiiiiii e 213

3.6.3 IAA and AVG treatments of mature green leaves...................cccoeieiennen. 216

Chapter 4 Discussion

4.1 White clover clonal growth in the model system and ethylene production........ 220

4.2 Characterisation for ACS during the early development of leaf tissue in

LT T1 (=3 [0 1Y = N 225
4.2.1 Molecular characterisation of the ACS gene family.........................e.e. 225
4.2.2 Characterisation of ACC accumulation............ccoeveiiiiiiiiiiiininieennnn. 229

4.3 Characterisation for ACO during the early development of leaf tissue in
WhItE CIOVET ... e e e e 230
4.3.1 Molecular characterisation of ACO gene family..............cocoeviiiiiininnn.. 230

4.3.2 Biochemical characterisation of ACO protein expression....................... 241



XVi

4.4 Molecular characterisation of ACO gene expression in mature green leaves...246
4.5 Summary and future studies............coouiiiiiiiiiii e 254

Bibliography...... ..o e

Appendix I: Histological analysis..................ocooiiiiiiiiiiii 275



LIST OF FIGURES i

List of figures

Figure 1.1 Hypothetical model of ethylene signaling in A. thaliana (modified

from Chao et al.,, 1997 and Solano etal., 1998.........c.ooviiiiiiiiiiiiiiii e, 6
Figure 1.2 Ethylene biosynthetic pathway in higher plants (modified

from Yang and Hoffman, 1984)..........ccoiiiiiiiiii e il
Figure 1.3 Ethylene forming reaction catalyzed by ACO.............cccooeviiiiiiiiiiinnnn. 32
Figure 1.4 Mature structure of white clover (Thomas, 1987)........cccovevviiviiiininnn. 51

Figure 1.5 Chlorophyll content (-e-) and ethylene production (-1-)
during leaf development in white clover (Hunter, 1998)............c.cceiviiiiiiiinininnn. 52

Figure 2.1 Single stolons of white clover (Grasslands Challenge, genotype 10F)
grown under the experimental conditions described in section 2.1.1..................... o7

Figure 2.2 Ethylene treatment of whole plants using the environment-

controlled Cabinet....... ... e e 59
Figure 2.3 Sequence of the ADAPAT primer.........ccoiiiiiiiiiiiiiiiieieicieieeeeens 75
Figure 2.4 Map of the pPCR 2.1 VECIOr........ccuvviiiiiiniiiii e 80
Figure 2.5 Blotting sandwich for the capillary downward method

(ChomCZYNSKi, 1992) ... it et e e e e e e e e ens 87
Figure 2.6 Primers for in-frame amplification of ACO gene from white clover.......... 91

Figure 2.7 Protein transfer sandwich for electro-transfer of protein
oNto PVDF Membrane. ... ..ot 96

Figure 3.1.1 Stages of leaf development using the stolon growth model system
Of White CIOVET .. .. e 101

Figure 3.1.2 Changes in leaf fresh weight and leaf size at each node
during leaf ontogeny in White ClOVer............ooviiiiiiiii e 102

Figure 3.1.3 Changes in the ratio of mean leaf fresh weight / leaf area
at each node (from Fig 3.1.2), and fresh weight of leaf discs excised
from the basal portion of the leaf blade at each node................cccooeiiiiiiiinin. 103



LIST OF FIGURES e

Figure 3.1.4 Changes in chlorophyll content during leaf ontogeny in white clover..105

Figure 3.1.5 Changes in total chlorophyll content of each leaf and leaf discs
excised from the basal portion of the leaf blade at each odd numbered
node along the StOlON....... ..o 106

Figure 3.1.6 Changes in photosynthesis rate during leaf ontogeny,
measured as CO, gas exchange rate per unit time at 25 °C,
using a single trifoliate leaflet.............coooiiiii 108

Figure 3.1.7 Changes in the photochemical efficiency of PSII
(chlorophyll fluorescence) or total chlorophyll content (from Fig. 3.1.4)
during leaf ontogeny in white clover................coiiiiiiiiii 109

Figure 3.1.8 Changes in the photochemical (quantum) efficiency of PSII
in four major leaf developmental stages...........cccooiiviiiiiiiiiiiiii e 111

Figure 3.1.9 Measurements, in vivo (A) and in vitro (B) of ethylene
production rate from developing apices and newly initiated leaves..................... 113

Figure 3.1.10 Measurements of ethylene production, in vitro, from developing
apices, newly initiated leaves (leaf 1 and leaf 2) and fully expanded mature
green leaves (leaf3 and leaf 4) over 11 hr time course after excision.................. 115

Figure 3.1.11 ACC content in different plant organs of white clover.................... 116

Figure 3.1.12 ACC oxidase activity, in vitro, measured in the apex,
newly initiated leaves and mature green leaves atpH 7.5..............c.ooii 118

Figure 3.1.13 ACC oxidase enzyme activity, in vitro, assayed at pH 7.5
in different plant parts of white Clover............coooiiiiiiiiiii e 120

Figure 3.2.1 PCR amplification of putative ACS cDNAs using RT-generated
cDNA templates from total RNA isolated from newly initiated leaves (leaf 1
ANA 18ATF 2). . e 122

Figure 3.2.2 PCR amplification of putative ACS cDNAs using RT-generated
cDNA templates from total RNA isolated fromleaf 2................cccooiiiiiiiinniin, 123

Figure 3.2.3 PCR amplification of putative ACS cDNAs using RT-generated
cDNA templates from poly (A)* mRNA isolated from the developing apex............. 125

Figure 3.2.4 Cloning of cDNAs putatively encoding ACC synthase in newly
initiated leaves (leaf 1 and leaf 2) of white clover using RT-PCR........................ 126



LIST OF FIGURES Xix

Figure 3.2.5 Nucleotide and deduced amino acid sequences of the
protein-coding region of the consensus TRACS1 gene...........cccocvviviiiiiinnnnnn. 129

Figure 3.2.6 Nucleotide and deduced amino acid sequences of the
protein-coding region of the consensus TRACS2 gene...........cccoovvviiiniiinnnnn. 130

Figure 3.2.7 Nucleotide and deduced amino acid sequences of the
protein-coding region of the consensus TRACS3 gene............cccoeviiiiiineninenen. 131

Figure 3.2.8 Total RNA, isolated from the tissue indicated, separated on
a 1.2 % (w/v) agarose-formaldehyde gel and stained with ethidium bromide......... 134

Figure 3.2.9 Expression of TRACSS3 in the apex and newly initiated leaves
(leaf 1 and leaf 2) determined by northern analysis............c.cooeiiiiiiiinininiiennn. 85

Figure 3.3.1 PCR amplification of a putative ACO cDNA using RT-generated
cDNA templates from total RNA isolated from the apex...........ccccooviiiiiiinnn. 138

Figure 3.3.2 PCR amplification of putative ACO cDNAs using RT-generated
cDNA templates from total RNA isolated from a newly initiated leaf (leaf 2).......... 139

Figure 3.3.3 Nucleotide and deduced amino acid sequences of the
protein-coding region of the consensus TRACO1 gene.........ccoovvvveviiiiiniennnnn. 141

Figure 3.3.4 Nucleotide and deduced amino acid sequences of the
protein-coding region of the consensus TRACO2 gene...........cccovviviviiennninennn.. 142

Figure 3.3.5 Nucleotide and deduced amino acid sequences of the
protein-coding region of the consensus TRACO3 gene.........c.ccccevvviiniiennnnnnnn. 144

Figure 3.3.6 Alignment of the deduced amino acid sequences from TRACO1,
TRACO2 and TRACOS3 with a consensus amino acid sequence........................ 147

Figure 3.3.7 Phylogenetic analysis of the ACC oxidase amino acid sequences
from white clover with other ACC oxidases in the database (searched on 22nd,

September 1999).... .. 148
Figure 3.3.8 Map of the pPROEX-1 plasmid used for the expression of the

TRACOT CONA TN EiCOli...cnuniiii e e e e e s 150
Figure 3.3.9 Cloning of TRACO1 cDNA into the pPROEX-1 vector..................... 154

Figure 3.3.10 SDS-PAGE analysis of protein expression in two different strains
of E. coli transformed with pPROEX-1 containing a TRACO1 insert.................... 152



LIST OF FIGURES _ %

Figure 3.3.11 SDS-PAGE analysis of the expressed TRACO1 protein digested
WIith TEV Protease. . ..ot e e et eaaas 154

Figure 3.3.12 SDS-PAGE preparation for protein sequencing of TRACO1........... 156

Figure 3.3.13 Alignment of deduced amino acid sequences from TRACO1
AN PS-AC DT i e 157

Figure 3.3.14 Prediction of secondary structure of TRACO1 using the Protein
Prediction 2 programme (EMBL, Heidelberg, Germany)..........c..ccccovvviiininnnnenn. 158

Figure 3.3.15 Expression of ACC oxidase genes in the developing apex
and newly initiated leaves determined by northern analysis ................c..coeeeeeis 160

Figure 3.3.16 Expression of ACC oxidase genes in newly initiated leaves
determined by northern analysis using an extended exposure time..................... 161

Figure 3.4.1 PCR amplification of the 3'-UTR of TRACO1 using RT-generated
cDNA templates from poly(A)*'m RNA isolated from the developing apex............. 164

Figure 3.4.2 A. Schematic of the TRACO1 gene generated by RT-PCR (813 bp)
and 3'-RACE (716 bp). B. Nucleotide and deduced amino acid sequences
of TRACO1 including the protein-coding region and 3'-UTR.................ccoovunnee. 165

Figure 3.4.3 PCR amplification of the 3'-UTR of TRACO2 using RT-generated
cDNA templates from poly(A)'m RNA isolated from the developing apex............. 168

Figure 3.4.4 A. Schematic of the TRACO2 gene generated by RT-PCR (804 bp)
and 3'-RACE (416bp). B. Nucleotide and deduced amino acid sequences
of TRACO2 including the protein-coding region and 3'-UTR...............cccoevenennee 169

Figure 3.4.5 PCR amplification of the 3'-UTR of TRACOS3 using RT-generated
cDNA templates from poly(A)*'m RNA isolated from the developing apex............. 172

Figure 3.4.6 A. Schematic of TRACOS3 gene generated by RT-PCR
and 3’-RACE. B. Nucleotide and deduced amino acid sequences
of TRACOS3 including the protein-coding region and 3-UTR.............cccoiiennnn. 173

Figure 3.4.7 Alignment of deduced amino acid sequences from TRACO2
and TRACOB3 with that of TRACO1 as the reference sequence......................... 176

Figure 3.4.8 Alignment of nucleotide sequences of 3'-UTRs from TRACO2
and TRACOS with that of TRACOT......cuiiiiiii e 178



LIST OF FIGURES %xi

Figure 3.4.9 Southern analysis to determine the specificity of 3'-UTRs as
gene-SPECIfiC ProDES........ouii i 180

Figure 3.4.10 Southern analysis with genomic DNA using 3’-UTRs as probes...... 181

Figure 3.4.11 Expression of ACC oxidase genes in leaf tissue at different stages
of development determined by northern analysis using 3’ UTRs as probes.......... 183

Figure 3.4.12 Expression of ACC oxidase genes in various tissues of white clover
determined by northern analysis with 3'-UTRs as probes..............c.cccovieinenn... 184

Figure 3.5.1 Western analysis of TRACO1, TRACO2 and TRACOS protein with
Y < B PP 187

Figure 3.5.2 Alignment of the deduced amino acid sequences from TRACO2
and TRACOS3 with that of TRACOT.......iuiiiiiiii e 189

Figure 3.5.3 Western analysis, using PAb1, of ACO protein expression in
the Apex, and newly initiated and mature green leaves.............c..ccevvvievineinene. 191

Figure 3.5.4 Western analysis, using PAb1, of ACO protein expression in
the apex, and newly initiated and mature green leaves................cccooeiiiiieneennt, 192

Figure 3.5.5 Western analysis, using PAb2, of ACO protein expression
in the apex, and newly initiated and mature green leaves.................ccceeeieinnannt, 193

Figure 3.5.6 Western analysis, using PAb1, of ACO protein expression in various
plant parts of White ClOVEr ... e 195

Figure 3.5.7 Western analysis, using PAb2, of ACO protein expression in various
plant pants of Whit€ ClOVEr...........civiiii e 196

Figure 3.5.8 ELISA using purified PAb1 IgG.........oiviiiiiiiiiiiiiie e 198

Figure 3.5 9 SDS-PAGE analysis of apical tissue-specific antigens
immuno-precipitated with PADbT ... ... 200

Figure 3.5.10 Analysis of the apex-specific ca. 205 kD protein
uSing IMMUNO-PreCiPitation..........o.iuiuiiiii e e e 201

Figure 3.5.11 Analysis of a CNBr-activated Sepharose affinity column-coupled
with PAb1 using 10% (w/v) SDS-PAGE and coomassie blue staining................. 203

Figure 3.5.12 SDS-PAGE and silver staining of apex proteins purified by
the PAb1 immuno-affinity column.............ooooiiiiii 205



LIST OF FIGURES il

Figure 3.6.1 Time course of wounding by excision-induced gene expression
of ACC oxidase in mature green leaves determined by northern analysis
using 3'- UTRS @s probes.........cccooiviiiiiiiiiiii 207

Figure 3.6.2 Time course of wounding-induced TRACO3 gene expression
in attached mature green leaves determined by northern analysis with
the 3'- UTR @S Probe. ... ..eiiiii e e e e rae e 208

Figure 3.6.3 Time course of wound-induced gene expression of ACC oxidase
determined by northern analysis using 3- UTRs as probes in attached mature
green leaves pretreated With AVG............ooiiiiiiiii e 210

Figure 3.6.4 Time course of ethylene-induced gene expression of ACC oxidase
in excised mature green leaf tissue determined by northern analysis using
B-UTRS @S PrObES. . ..uiiiiii i aenens 212

Figure 3.6.5 Time course of ethylene-induced TRACO2 gene expression
determined by northern analysis using 3’- UTRs as probes in the mature
green leaf tissue on the stolon, pretreated with 1-MCP...............ccooiiiiiiinnen... 214

Figure 3.6.6 Response of leaves to (A), 10 uL L™ ethylene and (B), 2 uL L
1-MCP + 1O UL €thylene. .. ..o e 215

Figure 3.6.7 Time course of TRACO2 gene expression, determined by northern
analysis using 3’- UTRs as probes in mature green leaf tissue on the stolon,
pretreated with 1-MCP for 1 hr........ccooiiiiiiiii 217

Figure 3.6.8 Time course of IAA-induced gene expression of TRACO2
determined by northern analysis using 3’- UTRs as probes in mature
green leaf tissue on the StoloN..... ..o 218

Figure 4.1 Alignment of deduced amino acid sequences in conserved boxes
of ACS genes reported in GenBank database (from Imaseki, 1999).................... 226

Figure 4.2 Apical structure of white clover...............coovviiiiiiiiiiiiie e, 234

Figure 4.3 Hypothetical model of nuclear events in response to ethylene
(modified from Solano et al.,, 1998)........cccoiuiiiiiiiiiiii e 252



LIST OF TABLES sexi

List of tables

Table 1.1 Expression of Tomato ACS genes in response to various stimuli............ 17
Table 2.1 Composition of potting mix used to propagate white clover.................... 56
Table 2.2 Composition of resolving and stacking gels used for SDS-PAGE............ 68
Table 2.3 Composition of SDS-PAGE gradient gel (8-15%).......cccvvvvviiininiininnnen. 70
Table 2.4 Primer sequences used for PCR in cloning ACS and ACO genes........... 77

Table 3.1.1 Chlorophyll fluorescence from dark-adapted (leaf discs excised from

leaves) and light-adapted leaf tissues at four major developmental stages........... 110

Table 3.2.1 Homology values of ACC synthase DNA sequences generated by
RT-PCR in white clover with a reference sequence, ACSS*...........ccocvvvvivininennnn. 127

Table 3.2.2 Homology values of three ACS cDNAs identified in white clover......... 128

Table 3.2.3 Comparison of the three ACS cDNAs identified in white clover with

sequences available in the GenBank database..............c.cccooviiiiiiiiiiiiinnnnn. 132

Table 3.3.1 Homology values of protein-coding regions of ACC oxidase nucleotide

sequences generated by RT-PCR in white clover with a reference, TRACO2"...... 140

Table 3.3.2 Homology values of protein-coding regions of three TRACO nucleotide

=TT |51 =T g T == 143



LIST OF TABLES ey

Table 3.3.3 Comparison of the three ACO cDNAs identified in white clover with

sequences available in the GenBank database..................ccociiiiiiiiiiiienne, 146

Table 3.4.1 Homology values of 3'-UTRs of three TRACO nucleotide sequences..177

Table 3.5.1 Summary of polyclonal antibodies (PAbs) produced against three

TRACO fusion proteins expressed in and purified from E. coli strain TB1............. 186



A 260 nm

ACC
ACO
ACS
AE

Amp
ACA
APS
ATP
AVG

100

BCIP
BSA

ca.
CBB
CER
CHX
CNBr

DATP
DCTP
DMF
DMSO
DNA
DTT
DTTP

EDTA
EIN

Abbreviation

absorbance in a 1 cm light path at 260 nm
1-aminocyclopropane-1-carboxylate

ACC oxidase

ACC synthase

after excision

ampicilin (100 mg/ mL)
aminoethoxyacetic acid

ammonium persulphate
adenosine-5’-triphophate

aminoethoxyvinylglycine

5-bromo-4-chloro-3-indolyl-phosphate

bovine serum albumin

approximately

Coomassie Brilliant Blue
constitutive ethylene response
cycloheximide

cyanogen bromide

2’-deoxyadenosine-5’-triphosphate
2'-deoxycytidine-5'-triphosphate
N’,N’-dimethyl formamide

dimethyl sulphoxide
deoxyribonucleic aicd

dithiothreitol
2’-deoxythymidine-5'-triphosphate

ethylenediaminetetraacetic acid

ethylene insensitive



EMS
ERE

Fwt

GACC
GC

hr

IAA

kb
kD

LB

MAbs
MACC
1-MCP
min
MOPS
MTA

NaOAc
NBT
Ni-NTA

PA
PAbs
PAGE
PCR
pH

XXV

ethylmethane sulfonate

ethylene responsive element

fresh weight

1-(gamma-L-glutamylamino)cyclopropane-1-caboxylate

gas chromatography

hour

indole-3-acetic acid

kilo-pairs

kilo-dalton

Luria-Bertani (media)

monoclonal antibodies
1-(malonylamino)cyclopropane-1-carboxylate
1-methylcyclopropene

minute
Na[3-(N-morpholiono)propanesulphonic aicd

5’-methylthioadenosine

sodium acetate
p-nitro blue terazolium chloride

nickel-nitrilotriacetic acid

1,10-phenanthroline

polyclonal antibodies
polyacrylamide gel electrophoresis
polymerase chain reaction
-log[H"]



pl
PLP
PVDF
PVPP

3’-RACE
RNase
RO
RPA
RT-PCR

S.e.
SAG
SAM
SA-PMP
SDS

TEMED

Tris

UTR
uv

YE-elicitor

XX Vil

isoelectro-point
pyrodoxyl phosphate
polyvinyliden difluoride
polyvinyl polypyrrolidone

3’-rapid amplification of cDNA ends
ribonuclease

reverse 0Smosis

ribonuclease protection assay

reverse transcriptase-dependent PCR

standard error of the mean
senescence-associated gene
S-adenosylmethionine

Streptavidine Magne Sphere® Paticles
Sodium dodesyl sulphate

N,N,N’,N-tetramethylethylenediamine
tris(hydroxymethyl)aminomethane

units

untranslated region
ultra violet

volt (m? kg s® A™")

watt (m? kg s®) = VA

yeast-extracted elicitor



