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ABSTRACT

The investigation in this thesis is divided into two parts. In the first part, the
expression and accumulation of 1-aminocyclopropane-1-carboxylic acid (ACC)
oxidase (ACO), the enzyme which catalyses the final step of ethylene biosynthesis in
higher plants, is examined during exposure of white clover (Trifolium repens L.) to a
water deficit. The second part of this thesis is focused on the identification and
characterisation of a water-deficit-associated ACC synthase (ACS), the enzyme

which catalyses the production of ACC.

In the first part, two white clover varieties with differing sensitivity to water deficit, a
drought-tolerant Tienshan ecotype and a drought-sensitive Grasslands Challenge cv.
Kopu Il cultivar were exposed to two water deficit treatments: one cycle of water
deficit (designated non-prestressed; NPS) and a water deficit, a rehydration period
and then a second water deficit treatment (designated pre-stressed; PS) in the New
Zealand Climate Environment Laboratory (NZCEL). Treatments were terminated
when the petiole elongation rate (PER) in the first fully-expanded leaf reached zero.
Water relations, growth responses, the expression of the white clover ACO genes,
TR-ACO1 TR-ACO2 and TR-ACO3 and the accumulation of two of the
corresponding proteins, TR-ACO1 and TR-ACO2, were then examined.

The soil water content (SWC) and leaf water potential (LWP) measured in both
varieties and in both water deficit treatments declined progressively. The rate of
decline in SWC and LWP was slower in the Tienshan ecotype with no difference
between the NPS and PS treatments. However, the LWP in the Tienshan ecotype at
the point at which the PER ceased was less negative (ca. -1.4 MPa) compared to
Kopu (ca. -1.7 MPa). In addition, the decline in the PER differed between NPS- and
PS-treated Kopu. In the NPS-treated Kopu, the PER was maintained at a high rate
when plants were exposed to SWC above 18%, but declined sharply as the SWC
declined further. However, in the PS-treated Kopu, the PER declined more
progressively in a similar pattern to that determined for NPS- and PS-treated

Tienshan.



Expression of TR-ACO1 and accumulation of TR-ACO1 was observed in the apical
structure of the stolon. As the water deficit progressed, no significant alteration in
TR-ACO1 expression and TR-ACOL1 protein accumulation was observed in the apical
structures of both the NPS- and PS-treated Tienshan ecotype suggesting some degree
of protection of the meristem tissues in this more drought-tolerant variety. However,
a discernable decline in expression of TR-ACO1 and accumulation of TR-ACO1
protein was observed in the NPS-treated Kopu suggesting some degree of tissue
injury in this more drought-susceptible variety. However, after the pre-stress (PS)
treatment, no real changes in TR-ACO1 expression and TR-ACO1 protein
accumulation were observed, in common with the observations for the NPS- and PS-
treated Tienshan ecotype suggesting that meristem protection may now be occurring.
The results suggest further that the pre-stress treatment of the more drought-

susceptible Kopu may result in a degree of acclimation to the water deficit.

For the first-fully expanded leaves, expression of two transcripts, TR-ACO2 and TR-
ACO3 and accumulation of TR-ACO2 protein was monitored as the SWC decreased.
The expression of TR-ACO2 and accumulation of TR-ACO2 decreased as the water
deficit progressed in both the NPS- and PS-treated Tienshan ecotype and correlated
with the decrease in PER. By contrast, in the NPS-treated Kopu, TR-ACO2
expression and TR-ACO2 protein accumulation increased, but again, after a period
of pre-stress, TR-ACO2 expression and TR-ACO2 accumulation decreased, in
common with the Tienshan ecotype. Again, the pre-stress treatment of the drought-
susceptible Kopu may result in a degree of acclimation to the water deficit such that
the responses become similar to those observed in the more drought-tolerant
Tienshan ecotype. However, in both NPS- and PS-treated Tienshan and Kopu there
was no significant alteration in the expression of TR-ACO3 in the first fully-

expanded leaf.

The expression of TR-ACO2 and TR-ACO3 and accumulation of TR-ACO2 protein
were also observed in the second fully-expanded leaves (an older tissue). Again
similar patterns in the expression of TR-ACO2 and TR-ACO3 and accumulation of
TR-ACO2 protein were observed in both NPS- and PS-treated Tienshan and Kopu.

In these leaves, expression of TR-ACO2 and accumulation of TR-ACO2 protein
iii



decreased as the water deficit progressed, but expression of TR-ACO3 increased as
the water deficit decreased to less than 10%. These results suggest that responses of
younger tissues (apical structure; first-fully expanded leaf) maybe the critical

determinant for the tolerant (or otherwise) of white clover plants to water deficit.

In the second part of this thesis, four ACS genes were identified from the Tienshan
ecotype exposed to water deficit and designated TR-ACS-T. Three of these were
similar to previously identified TR-ACS genes from Grasslands Challenge genotype
10F while the fourth was a novel gene designated TR-ACS4-T. TR-ACS4-T is 64%,
64% and 63% homologous to TR-ACS1-T, TR-ACS2-T and TR-ACS3-T, respectively
in terms of nucleotide sequence. In the GeneBank database, TR-ACS4-T shares
highly homology to ACC synthase sequences from a wide range of tissues including
seedlings and fruit tissues, in addition to a high homology to ACS genes induced in

auxin-, wounding- and ethylene-treated tissues.

The pattern of TR-ACS4-T expression observed during leaf development suggests
that the gene is expressed initially in the apical structures and in the newly initiated
leaves, and then again in the later mature leaves and those at the onset of senescence.
Expression decreases again during senescence. TR-ACS4-T expression is not altered
by water deficit, but is induced by both ethylene and NAA treatment, but the auxin-
induced TR-ACS4-T is mediated by ethylene treatment.



ACKNOWLEDGMENTS

I would like to express my sincere gratitude to my supervisor Professor Michael T.
McManus, Institute of Molecular BioSciences at Massey University, for the
continuous support of my Ph.D study - research and writing this thesis - with
patience, motivation, enthusiasm, encouragement and immense knowledge. | would

have been lost without him.

I wish to also acknowledge my second supervisor Assoc. Prof M. Hossein
Behboudian of Institute of Natural Resources, Massey University for his

encouragement, support and valuable guidance during my study and writing.

Thanks also go to Chris Rawlingson of Institute of Natural Resources for help with
TDR and pressure bomb, Steve and Lesley for their helps in Plant Growth Unit,
Massey University as well as Cara Norling of New Zealand Climate Environment
Laboratory (NZCEL) for helps during my experiments in the Climate Rooms.
Thanks Ann Truter and Cynthia Cresswell, the IMBS secretary, and Pat Munro
(IMBS HOI PA) for supports during my study.

I gratefully acknowledge the assistance of Michael’s post-doc Dr. Sarah Dorling for
the western analysis and for her courage and support. Thanks to Dr. Paul Dijkwel of
IMBS, to whom we share the lab with, for his encouragement and support. Thanks
also go to Michael’s research assistance and technicians, Susanna Leung, for heaps
of helps in molecular works. Thanks Susanna for yours supports, kindness,
friendship and for making my life in IMBS more enjoyable. Previous Michael’s
technicians: Cait and Lena. Also, the others members of the SC5.19°s Lab: Jan,
Balance, Marissa, Jolla, Ludivine, Sam the celebrity, Diantha, Caleb, Nick, Mathew
and Matthew, Fiona, Elizabeth, Tilman, Jaruwan, Paula, Anali, Afsana, Alvina,

Jibran and lan. Thanks to Phuong and Nena for friendships and discussions.

I would like to thank NZAID for granting me an NZDS Scholarship for my study,
Sue Flynn and Olive Pimentel (the NZAID scholarship officers Massey University)
for supports, Institute of Molecular BioSciences, Massey University and New

Vv



Zealand Society for Plant Biologist for their generous travel assistance granted

allowing me to attend conferences and seminars.

My very special thanks must go to my husband, Zainal Abidin, for his love, support
and encouragement. Thanks for sending your spirits continuously during the four
years | had been away from home. Special thanks also to Lana and Lani, my two
daughters, for the company, helps and throughout supports in New Zealand. | wish to
thank my entire extended family for the supports, particularly for my mother, father

and mother in a low.

Vi



TABLE OF CONTENTS

ABSTRACT ... I
ACKNOWLEDGEMNTS.......ccc e Y,
TABLE OF CONTENTS......ooveeeeereeeeeeeeeeeee, Vil
LIST OF FIGURES..........ccc e Xii
LIST OF TABLES.........cc e XVil
LIST OF ABBREVIATIONS............o o, XVili
AMINO ACID ABBREVIATIONS.............cccccc, XXI
1. INTRODUCTION. ... 1
1.1. BaCKGroUNd .....cooviiiiiiiie et 1
1.2. The Plant Hormone Ethylene.............cccccvvveeeeeee e, 2
1.3. Ethylene Biosynthesis in Higher Plants ..............cccooeviiiiiinivennnn. 3
1.3.1. S-adenosylmethionine Synthetase (SAM synthetase or AdoMet synthetase) .5
1.3.2 ACC SYNthaSe (ACS)....cuiiieiieeie ettt ae e ere s 6
IR TR N O O ) [ = TSSO 11
1.4. Ethylene Perception and Signal Transduction.............cccceeee... 15
1.5. Responses of Higher Plants to Water Deficit .............cccccevvenen. 18
1.5.1. Physiological and Biochemical RESPONSES .........ccevvveveiieiieiiieieeve e, 18
1.5.2. Changes in Hormonal Balance ..o 21
1.6. Water Deficit in White Clover..........cccccovveeeeeeeeii e, 22
1.7. Ethylene Biosynthesis in White CIOVEr ..........cccoccvevivevininiincnnn 25
1.8. Water Deficit and Ethylene...........cccoooviviiiveiicciccece e, 26
1.9, TRESIS AlMeL...iiiiiiic e e 27
2. MATERIALS AND METHODS........ccooociiiieeee e, 31
2.1. Propagation and Growth of White Clover Plants ................... 31
2.1.1. Establishment of Stock PIaNnts ..........ccocoviiiiiiiiiniieee e 31
2.1.2. Plant Growth CONAIIONS ........ccuveieiieieiie e nnees 31
2.1.3. Propagation and Maintenance of Plants for Water Deficit, Ethylene and

AUXIN TEEAIMENTS ... e ivieiieeieetie ettt e e e e sreesteeseesreenaeeneesseesreeneennes 33
2.1.4. Initiation of a Plant Growth Model SyStem ..........cccccevvieiiiiiiciie e, 33
2.2. Treatments and Harvesting of White Clovers Leaves ............. 34
2.2.1 Water DefiCit TreatMeNTS.......c.ccviieiieie et ae e nnees 34
2.2.2. Ethylene TreatMment........ccoviiii e 35
2.2.3. NAA TIEAMENT ...ttt e e sre e enee e e 36



2.2.4. 1-Methylcyclopropene (1-MCP) Treatment ........ccccecvevevieeiieiesieneese e 36

2.2.5. Control Treatments for Ethylene, NAA and 1-MCP Treatments.................. 37
2.2.6. Harvesting White ClOVEr LEAVES........cceciveiieiie e ieece e 37
2.3. Physiological Measurements.........cccvvveeiieiiienee e 38
2.3.1. Measurement of Soil Water CONENt ..........ccocveveiieienie e 38
2.3.2. Measurement of Leaf Water Potential ............ccooviviiinen i 38
2.3.3. Measurement of Petiole Elongation Rate ............cccoccvvviiiiiiie e 39
2.4. Biochemical Methods..........ccooviiiiieniiiini e 40
2.4.1. Preparation of Commonly Used Reagents ..........cccevveveieeiveiecieseeie e 40
2.4.2. Extraction and Measurement of the Chlorophyll Concentration ................. 40
2.4.2.1. Extraction of Leaf Chlorophyl...........ccccooviiieiice e 41
2.4.2.2. Measurement of Chlorophyll Concentration..............cccoveiieiineiennennnnene, 41
2.4.3. Extraction and Measurement of Proline Concentration.............cc.ccocvvvvennne. 41
2.4.3.1. Extraction of Leaf Proline..........ccoovoieiiiniiise e 42
2.4.3.2. Measurement of Proline Concentration.............ccocvervveiineieneiennene e 42
2.4.4. Protein and Immunological ANalysisS..........c.ccooviiiiiiiienencee 43
2.4.4.1. Protein EXTraCtioN........ccoooiiienirieiiee s 43
2.4.4.2. Protein QUaNtifiCatioN............ccuvierieririeiireise e 43
2.4.4.3. Protein Analysis by SDS-PAGE..........ccccoiiiiiee e 44
2.4.4.4. CBB Staining of SDS-PAGE Gels..........cccoviiniiniiicneeeee 46
2.4.4.5. Western Analysis FOllowing SDS-PAGE............ccccococieiiiiieneree e, 47
2.4.4.5.1. Transfer of Protein from the SDS-PAGE gel to a PVDF Membrane......... 47
2.4.4.5.2. Staining of the Protein with Ponceau S and Blocking of the Membrane....48
2.4.4.5.3. Immunodetection of TR-ACO1 and TR-ACO2 Proteins.........c.cccceevvrvennenn. 48
2.5. Molecular Biology Methods ............ccceiviiiiiiiciic e, 49
R T R O g =T (o7 49
2.5.2. Growth of Bacteria CUILUIE .........cooieiiie e 50
2.5.2.1. Preparation of LB Media.........c..ccccovviiiiiiiciii e 50
2.5.2.2. Preparation 0f SOC MEeOIUM........ccooiiiriiiniieinieiree e 50
2.5.2.3. Preparation of Competent Cells............ccoooeeiiiieice e 51
2.5.2.4. Preparation of Glycerol StOCK...........ccoviiiiiiiiieceee e 51
2.5.3. Isolation and Quantification 0f RNA...........ccoovi i 52
2.5.3.1 Extraction of Total RNA ..o 52
2.5.3.2. Quantification of RNA iN SOIULION........c..coeviiiiiiiiiieceecece e 53
2.5.4. Reverse Transcription for CONA Synthesis ... 54
2.5.5. Amplification of cDNA by PCR (Polymerase Chain Reaction) .................... 55
2.5.5.1. Primers used for amplification of cONA by PCR.........ccccconiiinniiniiinnnn 55
2.5.5.2. PCR CONAITIONS.......ciiieiiiieieiisieiisiee sttt 56
2.5.6. Cloning of PCR Products into Plasmid VECtOr ............cccocevveieiieeieern s 57
2.5.6.1. Agarose Gel Electrophoresis 0f DNA...........ccccoieieieiiiceecesee e 57
2.5.6.2. DNA Recovery from Agarose GelS...........ccoeireiiniinneinensesesecees 58
2.5.6.3. In Column Purification of PCR Product...........cccccceviiiniinininecne e, 59
2.5.6.4. Ligation of DNA into the pPGEM® T EaSy VECIOr.........ccccccevveircieeienienen, 59
2.5.6.5. Transformation of E. coli with pGEM®-T Easy Vector.............cccccevenenne. 61
2.5.7. Characterisation and Sequencing of Cloned DNA in E. Coli........ccccceoveuee. 62
2.5.7.1. Isolation of Plasmid DNA from E.COli........ccccvvininiiniiniieeeeee 62



2.5.7.1.1. Isolation of Plasmid DNA using the Alkaline Lysis Method................... 62

2.5.7.1.2. Isolation of Plasmid DNA Using Plasmid Miniprep Kit............c.ccccenene. 62
2.5.7.2. Quantification of DNA iN SOIULION..........cccoeiviiiiiece et 64
2.5.7.3. In gel Quantification Of DNA..........ccciiiiiiree e 64
2.5.7.3. Preparation for Automatic Sequencing of DNA..........cccccoveivieveicieesienn, 65
2.5.8. DNA Sequence ANAIYSIS.........couiiiiiiiiiesesieseee s 65
2.5.9. Semi-quantitative Reverse Transcript Polymerase Chain Reaction

0 R I = 1 = ) PSR 66
2.5.9.1. PCR Amplification of Specific Transcript.........cccccovvvvvriviienninesiesereeenen, 66
2.5.9.2.1. Labelling of DNA Probe........ccccoiiiiiiiiiiiseeee e 66
2.5.9.2.2. Determination of DNA Probe Yield..........ccoooiiiiiiiiineeenn 67
2.5.9.2. Labeling of DNA Probe and Quantification of Probe Yield....................... 66
2.5.9.3. Transfer of DNA onto the Nylon Membrane...........cc.ccccoeveiiiicncicinienns 67
2.5.9.4. Hybridisation of DIG-labelled probes to a DNA BIOt..........ccccoccoviiiinininnnne. 69
2.5.9.5. Immunodection of the DNA BIOL...........cccoviiiiiiininiineeesees s 70
2.6 Graphs and Statistical ANalysiS.........cccovvviviiievie i, 70
S.RESULTS L.t 71

CHANGES IN WATER RELATIONS AND ACC
OXIDASE EXPRESSION AND ABUNDANCE DURING
THE IMPOSITION OF WATER DEFICIT INWHITE
CLOVER

3.1. Physiological Analysis of White Clover Growth Responses to a

WaALEr DEefiCit......cciiieiiiiecie e 71
3.1.1. Time Course and Water Deficit EXperiments. ..........cccccveveviieveiiciicse s, 71
3.1.2. Changes in Soil Water Content (SWC) .......ccocoviiiiiniiieienes e, 72
3.1.3. Relationship between SWC and LWP ... 75
3.1.4. Changes in PER during Treatments. ..........ccocuviririnieiienenese e 77
3.1.5. Accumulation of Proline. ..........ccoooieiiiiiiiieee e 80
3.2. Characterisation of ACC Oxidase Expression during Water
Deficit in White CIOVErS.......ooviviiiiiii e 83
3.2.1. Development of the SQRT-PCR Technique to Study the Expression of TR-
ACO1, TR-ACO2 and TR-ACOS. ......ccci e 83
3.2.3. Accumulation of TR-ACO Proteis in the Leaves of White Clover during A
WaALEE DEFICIT. ...ttt 86
3.2.4. Expression of TR-ACO1 Transcripts in the Apical Structures of White
Clovers during Water DefiCit..........ccoviiiiiieii e 88
3.2.5 Accumulation of TR-ACOL Protein in the Apical Structures of White Clover
Subjected to @ Water DefiCIL..........cccooiiiiiiicce e 92
3.2.6 Changes in Chlorophyll Concentration in the First-Fully Expanded Leaves
of White Clover Stolon Subjected to a Water DefiCit.........c..ccocevveiiiiiii e, 95
3.2.7. Expression of TR-ACO2 Transcript in the First Fully-Expanded Leaves of
White Clovers during Water DefiCit. ........cccocviiiiiiii e 97
3.2.8. Accumulation of TR-ACO2 Protein in the First Fully-Expanded Leaves
Subjected to A Water DEeFICIt. ........ccveiiiiiiciie e 100

iX



3.2.9. Expression of TR-ACO3 Transcripts in the First Fully-Expanded Leaves

Subjected to @ Water DefiCIt..........cccviiiieiiieie e 103
3.2.10. Changes in Chlorophyll Concentration in the Second Fully-expanded
Leaves during Water DEFICIL. .........ccccuiiiieiiieie e 107
3.2.11. Expression of TR-ACO?2 in the Second Fully-expanded Leaves of White
Clovers during Water DEFICIL. .......cccoouiiieiiiie e 109
3.2.12. TR-ACO2 Protein Accumulation in the Second Fully-expanded Leaves of
White Clovers during Water DefiCit. .......ccoccviiiiiiiiesiese e 112
3.2.13. Expression of TR-ACO3 in the Second Fully-expanded Leaves of White
Clovers during Water DEFICIL. ........ccooviiieiiiie et 115
A, RESULTS 2: oot 120

ISOLATION AND CHARACTERISATION OF ACC
SYNTHASE GENES OF WHITE CLOVER

4.1. 1solation Of TR-ACS GENES ........ccoveirrreieeieieee e o 120
4.1.1. Sampling Points for Isolation of ACC Synthase Gene Transcripts................ 120
4.1.2. RT-PCR Amplification of Putative ACC Synthase Gene Transcripts............ 121
4.1.3. Confirmation of Putative ACC Synthase Gene Transcripts by Sequence
AANBIYSIS. ...ttt 127
4.1.4. Comparison of ACC Synthase Genes Obtained from the Tienshan Ecotype

and from Genotype 10-F of Grasslands Challenge Cultivar...........c.cccccoeevvvninee. 136
4.1.5. Phylogenetic Analysis of TR-ACS1-T, TR-ACS2-T, TR-ACS3-T and
LIRS A O USSR 140
4.2. Expression analysis of the TR-ACS4-T gene.......ccoccecveeveene o 142
4.2.1. Development of sqRT-PCR to Study Expression of the TR-ACS4-T gene.......142
4.2.2. Expression of the TR-ACS4 Gene during Leaf Development..............cccceenne. 145
4.2.3. Induction of TR-ACS4 in White Clover Leaf TiSSUES.........cccovrervreirriernienenns 147
5. DISCUSSION ... 151
ST B O YT VT SRS 151

5.2. Part I: Changes in Water Relations, Expression of the TR-ACO
Gene Family and TR-ACO Protein Accumulation during Water

Deficit in WhIte CIOVET . .....ocvviiiie e 152
5.2.1. Changes in Water Relations as an Indicator of Differential Sensitivity of the
White Clover Varieties to a Water DefiCit ..........ccooveeiiene i 152
5.2.2. Responses of the Two White Clover Varieties to a Water Deficit................ 154
5.2.3. ACO is Involved in Regulating Ethylene Biosynthesis during a Water

D] Lo | OSSPSR RPR USRI 158
5.2.3.1. TR-ACO1 Expression and TR-ACOL1 Protein Accumulation in the Apical
Structures of White Cover during Water DefiCit..........ccccccoveviviiiivciiiic i, 162

5.2.3.2. TR-ACO2 and TR-ACO3 Expression and TR-ACO?2 Protein
Accumulation in the First-Fully Expanded Leaves of White Clover in Response to
LTAT 22T gl I L= o | SRS 164



5.2.3.3. TR-ACO2 and TR-ACO3 Expression and TR-ACO2 Protein
Accumulation in the Second-Fully Expanded Leaves of White Clover in Response

1O WaALEE DETICIT.....cviiie e 167
5.2.3.4. Evidence for an Acclimation Response of the Sensitive White Clover

Variety to Water DefiCiL.........cccooiiiiiiic e e 168
5.3. Part Il. Isolation and Characterisation of ACC Synthase........ 171
5.3.1. RT-PCR Isolation of Orthologues and Novel TR-ACS Genes.................... 172
5.3.2. Significance of TR-ACS4 expression during Leaf Development................ 176
5.3.3. Ethylene and Auxin Induced the Expression of TR-ACS4-T ........c.cccccveeee. 177
5.4, CONCIUSIONS ...ttt 181
5.5. FULUIE DITECHIONS. ....veoiiiiieieiiie ittt 183
BIBLIOGRAPHY ..., 186
APPENDICES.........c e [

Xi



Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

LIST OF FIGURES

The ethylene biosynthetic pathway and the methionine
cycle in higher plants (modified from Rzewuski and
Seuter, 2008)......cccuiiieiieiieie e e 4

Three groups of ACC synthase in Arabidopsis, showing
different lengths of their amino acid C-terminal end
SEOUEBINICES. .....eeiveiieriesire ettt 10

Stoichiometry of the reaction catalysed by ACC
OXIAASE. ...ttt et 13

Models for ethylene signalling in Arabidopsis (modified
from Kendrick and Chang, 2008) (A) and rice (modified
from Rzewuski and Sauter, 2008) (B)........cccccccvvveeveieeieannns 17

Stock plants of the Tienshan (T) ecotype and Glassland
Kopu Il (K) cultivar grown in the Plant Growth Unit,
MasSEY UNIVEFISLY.......ccoveiieiiiie e 32

A single stolon of the Tienshan ecotype displaying a series
of 19 leaf developmental stages. The leaves are numbered
from the apex to the senescent leaves..........cccccoceveeviiveiieennenn, 34

A set of white clover plants maintained in a NZCEL room
experiencing water stress treatment.............ccoccvevveiereennnnn 35

A Scholander-type pressure bomb showing a white clover
petiole (p) inserted into the chamber during the
measurement Of LWP........ccoooviiiie e 39

A white clover stolon showing the apical structure (A), an
unfolded leaf (U) and a first-fully expanded leaf (L)........... 40

A typical standard curve for the proline assay. The points
are means of triplicates and the line represents the
FEGreSSION HINE.......coiiiiie e 42

A typical BSA standard curve. The points are means of
triplicates and the line represents the regression line.......... 44

A diagrammatic set up for electrophoretic transfer of
proteins from an acrylamide gel to PVDF membrane......... 47

Xii



Flgure 2.9

Figure 2.10

Figure 2.11

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Plasmid map of the pPGEM®-T Easy Vector with sequence
reference points (Adopted from Promega Catalogue,

Sequence of the promoter and multiple cloning site of the
PGEM®-T EASY VECION ......cvviiiiiieiiiie et

Arrangement of the apparatus used to transfer DNA and
RNA samples to Hybond™-N* membrane............c..............

A schematic of the two water deficit treatments applied
and total time required for each experiment......................

Changes in SWC during exposure of the NPS- and PS-
treated Tienshan ecotype (A) and the NPS- and PS-treated
Kopu cultivar (B), as indicated, to water deficit. Each
value is a mean of four replicates £ SE...........cccccocviniinnnnne

Relationship between LWP and SWC during exposure of
the NPS- and PS-treated Tienshan ecotype (A) and the
NPS- and PS-treated Kopu cultivar (B), as indicated, to a
water deficit. The relationship curves are logarithmic
regressions of four replicates of LWP..........ccccooevniiinnn.

Changes in PER during exposure of NPS- and PS-treated
Tienshan ecotype (A) and NPS- and PS-treated Kopu

cultivar (B), as indicated, to a water deficit. Each value is
mean of four replicates, £ SE...........ccccoovvevieieiiccc e,

Accumulation of proline in the first-fully expanded leaves
of the NPS- and PS-treated Tienshan ecotype (A) and
NPS- and PS-treated Kopu cultivar (B), as indicated,
during a water deficit. Each value is a mean of four
replicateS £ SE.......cooiiieece e

Specificity of TR-ACO1, TR-ACO2 and TR-ACO3 primer
SEtS USING RT-PCR.....cooiiiiiesiee e

Specificity of TR-ACO1, TR-ACO2 and TR-ACO3 cDNA as

Experiments to identify the linear range of PCR cycles
used to amplify each TR-ACO transcript for subsequent
SORT-PCR AnalysSiS.......cccoviiiiiiiiiiiie i

Western blot analysis of TR-ACOL1 protein accumulation
in the apical structures of NPS-treated Tienshan as a
function of changes in SWC with samples loaded as a per

60

61

68

72

74

76

79

82

84

85

86

Xiii



Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21

protein basis (A) or per fresh weight basis (B). ..........c.........

Expression of TR-ACOL1 in the apical structures of NPS-
treated Tienshan (A) and PS-treated Tienshan (B)
revealed using SQRT-PCR........cccooeiiiiiiieiecece e
Expression of TR-ACOL1 in the apical structures of NPS-
treated Kopu (A) and PS-treated Kopu (B) revealed using
SART-PCR ...

TR-ACO1 protein accumulation in the apical structures
of NPS-treated Tienshan (A) and PS-treated Tienshan (B)
revealed using western analysisS.........cccocooerereninenencncnenns

TR-ACO1 protein accumulation in the apical structures
of NPS-treated Kopu (A) and PS-treated Kopu (B)
revealed using western analysis ...........ccoceveieninenencncnenn

Changes in chlorophyll concentration in the first fully-
expanded leaves of the NPS- and PS-treated Tienshan
ecotype (A) and the NPS- and PS-treated Kopu cultivar
(B). Each value is the mean of four replicates + SE............

Expression of TR-ACO?2 in the first-fully expanded leaves
of NPS-treated Tienshan (A) and PS-treated Tienshan (B)
revealed using SQRT-PCR.........cccooviiiiiiiice e

Expression of TR-ACO?2 in the first fully-expanded leaves
of NPS-treated Kopu (A) and PS-treated Kopu (B)
revealed by SQRT-PCR........cccccoiiiiiicececesee e

TR-ACO2 protein accumulation in the first fully-
expanded leaves of NPS-treated Tienshan and PS-treated
Tienshan (B) revealed using western analysis.......................

TR-ACO2 protein accumulation in the first-fully
expanded leaves of NPS-treated Kopu (A) and PS-treated
Kopu (B) revealed using western blot..........cccccooevevviiennnee.

Expression of TR-ACO3 in the first fully-expanded leaves
of NPS-treated Tienshan (A) and PS-treated Tienshan (B)
revealed by SQRT-PCR.......cccooiiiiiiice e,

Expression of TR-ACO3 in the first fully-expanded leaves
of NPS-treated Kopu (A) and PS-treated Kopu (B)
revealed by SQRT-PCR........ccocoiiiiiiiice e,

Changes in total chlorophyll in the second fully-expanded
leaves of NPS- and PS-treated Tienshan (A) and NPS- and

87

98

99

Xiv



Figure 3.22

Figure 3.23

Figure 3.24

Figure 3.25

Figure 3.26

Figure 3.27

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

PS-treated Kopu (B), as indicated. Each value is the mean
of four replicates £ SE..........ccooeiiiine

Expression of TR-ACO?2 in the second-fully expanded
leaves of NPS-treated Tienshan (A) and PS-treated
Tienshan (B) revealed by SQRT-PCR........ccccociiiiiiiiieee

Expression of TR-ACO?2 in the second-fully expanded
leaves of NPS-treated Kopu (A) and PS-treated Kopu (B)
revealed by SQRT-PCR........ccociiiiiiie

TR-ACO2 protein accumulation in the second fully-
expanded leaves of NPS-treated Tienshan (A) and PS-
treated Tienshan (B) revealed using western analysis..........

TR-ACO2 protein accumulation in the second fully-
expanded leaves of NPS-treated Kopu (A) and PS-treated
Kopu (B) revealed using western analysis............cccccceevennenn.

Expression of TR-ACO3 in the second fully-expanded
leaves of NPS-treated Tienshan (A) and PS-treated
Tienshan (B) revealed by SQRT-PCR..........ccccceiiiiiiiiininnns

Expression of TR-ACO3 in the second-fully expanded
leaves of NPS-treated Kopu (A) and PS-treated Kopu (B)
revealed by SQRT-PCR........cccoiiiiiiieee i

Changes in PER of the first-fully expanded leaves of the
Tienshan ecotype during the water-deficit treatment.........

Changes in PER of the first-fully expanded leaves of cv.
Kopu during water-deficit treatment..............cccoovveverviiennnnn

Diagramatic representation of an ACC synthase gene from

Arabidopsis thaliana (modified from Murray, 2001)............

RT-PCR using RNA isolated from apical structures and
first-fully expanded leaves of the Tienshan ecotype
harvested at different soil water contents...............cccccveeenenn

White-blue colony selection of sub-libraries generated
from the apical structures of the Tienshan ecotype
harvested at 8% SWC. Colonies were grown in LB media
supplemented with IPTG and X-Gal...........ccccccoeviieiieinnn,
PCR selection of putative ACC synthase gene fragments....

Alignment of coding frame region of TR-ACS1-T,

108

111

115

117

118

125

XV



Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

TR-ACS2-T, TR-ACS3-T, and TR-ACS4-T consensus
sequences isolated from the Tienshan ecotype...................... 130

Conserved amino acid residues detected in the TR-ACS1-

T (A), TR-ACS2-T (B), TR-ACS3-T (C) and TR-ACS4-T

(D) when compared to an aminotransferase-1 enzyme

super family in the NCBI database..............ccccocevveveiivennenn. 131

Alignment of deduced amino acid sequences of the TR-
ACS1-T, TR-ACS2-T, TR-ACS3-T and TR-ACS4-T
PIrOTEINS. ...t ae e sre s 132

Alignment of nucleotide sequences of the TR-ACS3 genes
isolated from the Tienshan ecotype (TR-ACS3-T) (this

thesis) and that previously isolated from genotype 10-F of

the cultivar Grasslands Challenge (TR-ACS3-10F, as

reported by Murray and McManus, 2005). (*) represents
identical sequence, (-) represents N0 SEQUENCE..............cc...... 138

Alignment of deduced amino acid sequences of the TR-

ACS3 gene isolated from the Tienshan ecotype (TR-

ACS3-T) and the TR-ACS3 sequence previously identified

from genotype 10-F of the cultivar Grasslands Challenge
(TR-ACS3-10F, as reported by Murray and McManus,

2005). .1ttt re s 139

Amino acid sequence based phylogeny of the four ACC
SYNthase family ..o 141

Specificity of the TR-ACS4-T primer set used to amplify
TR-ACS4-T in sgRT-PCR. Each lane represents the

amplified products using the TR-ACS4-T primers with

different TR-ACS-T clones as templates (see legend)........... 143

Specificity of TR-ACS4-T probe to hybridise its own
=T (U] (o TR 144

Expression of TR-ACS4-T during leaf development of the
Tienshan ecotype revealed using sSQRT-PCR with g-actin
as the loading control............ccccoevveii i, 146

Expression of TR-ACS4-T during leaf development in the
Tienshan ecotype revealed using sQRT-PCR with 18S-rRNA
as the loading control........cccccveeeieiinnnnes 147

Analysis of TR-ACS4-T expression in ethylene-treated leaf
tissues using SQRT-PCR.....cccceuvenenen. 149

Xvi



Figure 4.18  Analysis of TR-ACS4 expression in NAA-treated leaf
tissues using SQRT-PCR........cccco i 150

XVil



Table 2.1

Table 2.2

Table 2.3

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

LIST OF TABLES

Composition of slow-released fertilizer added to the
horticultural grade bark base.............ccccccovveiiieieciecen,

Composition of the separating and stacking gels used for
SDS-PAGE with the mini-protein apparatus.....................

Primers used in PCR for amplification of ACC synthase
and 0Xidase SEQUENCES.........ccveireerreeeerreerieeieseesieeseesseeseesneens

Summary of the ACC synthase clones identified by PCR
and sequence analysis in the apical structures from plants
of the Tienshan ecotype harvested at different soil water
CONtENtS (SWECS)uuuiiiiieiiiiiinniioieneiesensseosessscsssnssosnnnces

Summary of the ACC synthase clones identified by PCR
and sequence analysis in the first-fully-expanded leaves
from plants of the Tienshan ecotype harvested at
different soil water contents (SWCS)...ccccevveviiiniiinnnnnn.

Summary of the ACC synthase clones identified by PCR
and sequence analysis in the apical structures from plants
of cv. Kopu harvested at different soil water contents
(SWECS) ceveeieeneeeeneeeenneeeraeeerneeesneesesnessrnnesesnesenns

Summary of the ACC synthase clones identified by PCR
and sequence analysis in the first-fully expanded leaves
from plants of cv. Kopu harvested at different soil water
contents (SWECS).uueiiieiiiiiiiiiiiiiiiiiiiieiiireineiinecennnees

Comparison of the percentage of nucleotide homology
and percentage of amino acid identity (in parenthesis)
between the four ACC synthase consensus sequences
amplified from tissues of the Tienshan ecotype by

GeneBank Comparison of TR-ACS-T Sequences............

Nucleotide homology and amino acid identity values of
six ACC synthase genes identified in the Tienshan
ecotype and and genotype 10F of the cultivar Grasslands
Challenge.... ..o

Treatment of plant tissues to determine the induction of
ACC synthase transcripts......cccevveiiieiiieiiiniciecennens

32

46

55

126

126

126

127

128

135



LIST OF ABBREVIATIONS

Degree Celsius

Microgram

Microlitre

Micromol

1-methylcyclopropene

Absorbance at 260 nm

Absorbance at 280 nm

Absorbance at 520 nm

Absorbance at 595 nm
1-aminocyclopropane-1-carboxylic acid
ACC Oxidase

ACC Synthase

s-adenosyl-| -methionie

Ampicillin (100 mg mL™)
Ammonium persufate
5-bromo-4-chloro-3-indoyl-phosphate
Basic Logical Alignment Search Tool
Base-pair

Bovine serum albumin

circa (approximately)

Coomassie Brilliant Blue

DNA complementary to a RNA transcript, synthesised from RNA by

reverse transcription in vitro
Deoxyadenosine Triphosphate
Diethyl pyrocarbonate
Digoxigenin

N,N-dimethyl formamide
Dimethyl sulphoxide
Deoxyribonucleic acid
Deoxyribonuclease

2 -deoxynucleotide 5 triphosphate
Dithiothreitol

2"-Deoxyuridine 5 -Triphosphate
Eschercia coli
Ethylenediaminetetraacetic Acid
Ethylene forming enzyme
Ethylene insensitive

Fresh weight

Acceleration due to gravity (9.8m s?)
Gram

Glacial Acetic Acid

1-(gamma-L-glutamylamino)cyclopropane-1-carboxylic acid

E. coli B-glucuronidase
hour
Immunoglobulin G



IPTG Isopropyl-B-p-thiogalactopyranoside (CgH1505S)

Kb Kilo base-pairs

kDa Kilo Daltons

kw Kilowatt

L Litre

LB Lauria-Bertani (media or broth)

LWP Leaf water potential

M Molar (moles L™)

MACC 1-(malonylamino)cyclopropane-1-carboxylic acid

mg Milligram

MGBG Methylglyoxal bis(guanylhydrazone)

Milli-Q water Water purified by a Milli-Q ion exchange column

min Minute

mL Millilitre

mol mole

MPa Mega Pascal

NAA Naphtalene Acetic Acid

NBT p-nitro blue tetrazolium chloride

NCBI National Centre for Biotechnology Information

ng Nanogram

nmol Nanomole

NPS Non pre-stressed

NZCEL New Zealand Climate Environment Laboratory

ODs2o Optical Density at 520 nm

ODsg5 Optical Density at 595 nm

ORF Open reading frame

PAGE Polyacrylamide gel electrophoresis

PBS Phosphate buffered saline (50 mM sodium phosphate, pH 7.4
containing 250 mM NaCl)

PCR Polymerase chain reaction

PER Petiole elongation rate

pH -Log (H")

pmol Picomole

ppm Parts per million

PS Pre-stressed

PSB-T Phosphate buffered saline containing 0.5% (v/v) Tween)-20

PVDF Polyvinylidine difluoride

PVP-40 Polyvinyl pyrrolidone

PVPP Polyvinyl polypyrrolidone

RH Relative Humidity

RNA Ribunucleic acid

RNase Ribonuclease

RO reverse oSmosis

RT-PCR Reverse Transcriptase-polymerase chain reaction

S second

SAM S-adenosyl-| -methionine

SDS Sodium dodecyl sulphate

SE Standard error

XX



sqRT-PCR
SSC

SwWC

TDR
TEMED
Tm

Tris
Tween-20
U

UTR
uv
V

viv
wi/v
w/w
X-Gal

Semi quantitative RT-PCR

Sodium Chloride and Sodium Citrate

Soil water content (volumetric soil water content measured by TDR)
Time Domain Refractometer

N,N,N’,N -tetramethylethylenediamine

Melting temperature of double-stranded DNA

Tris (hydroxymethyl) aminomethane

Polyoxyethylenesorbitan monolaurate

Unit (commercial enzymes are in U pL™, where unit is based on
enzyme activity)

Untranslated Region of mRNA transcript

Ultra violet

Volt

Volume per volume

Weight per volume

Weight per weight
5-Bromo-4-chloro-3-indolyl-p-p-galactopyranoside

XXi



AMINO ACID ABBREVIATIONS

Amino Acid (AA) Three-letter abbreviation ~ One-letter abbreviation
Alanine Ala A
Arginine Arg R
Aspargine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamine GlIn Q
Glutamic Acid Glu E
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Trypthophan Trp w
Tyrosine Tyr Y
Valine Val \

XXii



