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ABSTRACT

Light microscopy and transmission electron microscopy were used to investigate the
morphological, anatomical changes and the timing of these changes during male cone
development of Pinus radiata growing in the central part of the North Island, New
Zealand. The timing of developmental events, including the initiation of the male cone
primordia, the onset of meiosis of pollen mother cells and the formation of pollen grains
were recorded. Their relationship with environmental factors in comparison with pine
species growing in the Northern Hemisphere was discussed.

Some significant morphological aspects of male cone buds, microsporophylls and
structural/ultrastructural changes of microsporangia, tapetal cells and pollen mother

cells during the meiotic processes in particular, were reported in the morphological and

anatomical study.

In correlation with these structural/ultrastructrual changes, the soluble protein content,
banding patterns of the total soluble protein, banding patterns of four isoenzymes during
male cone development were studied by SDS-PAGE and isoelectric focusing
techniques. Seven soluble protein species were detected by SDS-PAGE closely related
to the different developmental stages of the male cone, and one of them with a
molecular mass of 20.5 KD in particular was found to be a potential male cone tissue
specific gene expression product. Acid phosphatase, esterase, malate dehydrogenase
and peroxidase were studied during male cone development, using isoelectric focusing
methodology. Variations in banding patterns of the enzyme activity and number of
isoforms of each enzyme in relation to the different developmental stages of the male
cone were revealed. A number of isoforms of these four isoenzymes were found to be

unique to specific developmental stages.

A search for floral-specific genes controlling floral developmental events was
attempted. MADS-box DNA sequences belonging to a homeotic gene family
controlling floral development in higher plants are reported for the first time in the

genus Pinus in this study.
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The MADS box gene AGAMOUS from Arabidopsis thaliana was used as a probe to
hybridise with genomic DNA of P. radiata. The tentative evidence of hybridisations was
obtained in Southern blots, suggesting the possible existence of MADS box related DNA
sequences in P. radiata. PCR technique was subsequently used to clone these sequences
from genomic DNA of radiata pine to confirm the result obtained from Southern blot
study . PCR with two degenerate primers targeted to highly conserved regions within the
MADS- box resulted in the amplification of a 78 bp DNA sequence. These PCR
amplified pine DNA sequences were subcloned in M13 and were sequenced by the
dideoxy protocol. The analysis of these DNA sequence data and the amino acid sequences
deduced from these DNA sequences showed that these DNA sequences can be divided
into three groups, probably belonging to three MADS-box genes of Pinus radiata. Two
DNA sequence groups are most likely to be the conserved regions of pine MADS-box
genes, controlling the late steps of "floral" development which are homologous to class C
genes determining the identity of male floral parts (stamens) and female parts (carpels) in
angiosperms. One DNA sequence group is speculated to be the conserved region of pine
MADS-box gene controlling the earlier steps of floral development, analogous to class B

genes controlling petal and stamen development in angiosperms.



v

ACKNOWLEDGEMENTS

I would like to first express sincere appreciation and gratitude to my chief supervisor,
David Fountain, for excellent supervision and encouragement throughout all stages of this
project. Without his persistent support in both my research project and my personal life
over the past five years, it would have been impossible for me to complete this project.

I would like to thank my co-supervisor, Rosie Bradshaw for her excellent guidance and
supervision in the molecular biology part of this thesis. Thanks also go to my co-
supervisors, Dale Smith, Marie Connett, Christian Walter, Heather Outred and Al
Rowland for their assistance and advice.

I would also like to thank the staff and students of the Department of Plant Biology who
have assisted me during my time here. Special thanks to Liz Nickless and Jacki Mcdonald
for their administrative support throughout this project.

In addition, I would also like to thank the staff and students of the Molecular Genetic Unit,
with whom I spent the most fruitful eighteen months during my student career. They were
helpful both in science and in "English language with a special Kiwi touch”. In particular I
would like to thank Barry Scott, Trish Mclenachan, Kay Rutherfurd, Ric Stange and
Carolyn Young for excellent technical assistance and advice on all things molecular and
more besides during the course of the research at MGU. Special thanks to Paul Hirst for
the "pleasant” musical background he provided in the lab. Thanks also go to other
members of Rosie Bradshaw's group for their assistance and for making MGU an
enjoyable place to work.

I would like to thank John Owens and his colleagues for their advice and comments on the
anatomical study; Doug Hopcroft and Raymond Bennett for their technical assistance on
electron microscopy. Thanks also go to Derek White for his advice on the PCR study, and
Andrew Griffith for the supply of Arabdopsis genomic DNA.

I would also like to offer grateful thanks to my wife, Bryn for her consistent
encouragement and faithful prayer during every difficult period of this project.

I would like to dedicate this thesis to my beloved son, Dale, it is his happiness that gives

meaning to my every effort, both in the past and in the future.



v

Thanks are also due to New Zealand Forest Research Institute Ltd for generous financial
support over the period of this thesis, and the Massey Graduate Research Fund, for

financial assistance received.



vi

TABLE OF CONTENTS
ABSTRACT ii
ACKNOWLEDGEMENTS iv
TABLE OF CONTENTS vi
LIST OF TABLES xi
LIST OF FIGURES xiii
ABBREVIATIONS xviii
CHAPTER 1.0 INTRODUCTION 1
CHAPTER 2.0 MORPHOLOGICAL AND ANATOMICAL STUDIES OF MALE
CONE DEVELOPMENT IN Pinus radiata 6
2. 1. LITERATURE REVIEW L.....ooiiiiiiiiiiineteniese ettt 6
2.2. MATERIALS AND METHODS..........ccoiiiritiinenteenesee et 16
2.2.1 SAMPLING OF THE MATERIALS.........c.coooieiiiiiiiineeeneeeeesesee e, 16
2.2.2. METHODS IN LIGHT MICROSCOPY .......ccoeeeeiieieieeeeeesiesieseeee e 16
2.2.2. 1. FIXAUOM c.eeiiiieiiiietcteteet ettt sttt st sb sttt nne e e 16
2.2.2.2. Dehydration.........ccoiuieoiiriiieieesieesiiesite et ereeesteeste e e see s st e e sneeesreessseesnseanes 17
2.2.2.3. Infiltration with paraffin.........ccccecoieiiiinic e 17
2224, EMBEAdING ....cc.coiiiiiiiiiiniieieiie ettt s 17
2.2.2.5. SECHOMINE ....oecvieieeieeieeeiesteeteseeeseesseetessessee s sesseesseesseeeseessensaansensssenseenns 17
2.2.2.6. Mounting the SECHIONS .......ccuevueruerieririeriieriereete ettt 17
2.2.2.7. SHAININE ..c.eiiiieieeieeiecte ettt s e e et e et e te et e s e e sneesseeeeeesneeensesnseensenanens 18
2.2.2.8. Staining PrOCEAUIE .........coeeuirmirieiininiteienttet ettt ettt 18
2.2.2.9. Light miCrosCOpY €XaminNation..........ccecueruterueeriereeenieeseereeessieeeseeseesseesseenne 19
2.2.3. METHODS IN TRANSMISSION ELECTRON MICROSCOPY ...........ccccueueue. 19
2 T o 6 | — 19
2.2.3.2. Dehydration..........cc.coeeiuieiieeieceeeeieeeeeee e eereeeteeeseeeaeeseeeseeseeseeeseeesseenseennas 19
PG TGN (1) 113 11 To) o LRSS 19
2.2.3.4. EMDBEddiNg ......coveuimiieiieiieinieeteeteee ettt 20
22355 SCOUONING - - 757smasisn 7575550 5858505855585 50 577 s 5588w 775 S5 TR < B 5% 20
2.2.3.6. SHAINING ..coueiuiriiieieieeeeieeet ettt ettt b et e ettt e st et ebe e saeene e 20
2.2.3.7. Transmission electron microscope eXamination ..........c.ccecueeeevervesrervenenns 21
2:8. RESULTS:.. ... oo s i Sisssssssaassama e - -« - - - St o+ 22
2.3.1. MORPHOLOGICAL ASPECTS OF THE MALE CONE DEVELOPMENT IN
Pinus radi@la. ...........cccoeoiiiiiiiiiiieiiieieeetee ettt et 22
2.3.2. ANATOMICAL STUDY OF THE MALE CONE DEVELOPMENT IN Pinus
radiata RESULTS FROM LIGHT MICROSCOPY ........cccouoiiiininineniiieeeeeseeeenens 24
2.3.3. ANATOMICAL STUDY OF THE MALE CONE DEVELOPMENT IN Pinus
radiata RESULTS FROM TRANSMISSION ELECTRON MICROSCOPY ................. 43

2.4, DISCUSSION......coeititiieteneteeser et sttt ettt st bt et ettt et et eme b s b saenaene 65



Vil
24.1. THE TIMING OF THE DEVELOPMENTAL EVENTS DURING THE MALE
CONE DEVELOPMENT IN Pinus radiata, AND ITS RELATIONSHIP WITH

ENVIRONMENTAL FACTORS.........cocoiiiiiiiiiiieeeeeceete ettt 65
2.4.2. THE MORPHOLOGICAL ASPECTS DURING THE MALE CONE
DEVELOPMENT IN Pinus radi@rQ.................cccccccoeueeeeeieueneeseeeueneeseesneneeseesseseeseenne 69
2.4.3. THE STRUCTURAL AND ULTRASTRUCTRUAL CHANGES DURING THE
MALE CONE DEVELOPMENT IN Pinus radiatQ. ................cccoceeeeeeeeenecnencneeenenn 71
CHAPTER 3.0 MALE CONE DEVELOPMENT IN Pinus radiata—STUDIES OF
CHANGES IN PROTEIN AND ISOENZYME PATTERNS 80
3. 1. LITERATURE REVIEW ......ccciiiiiiiiiiiiirinenettetere ettt ene e 80
3.2. METHODS AND MATERIALS.........ccecviitteinieinteenenteteieseeee e evenes 86
3.2.]1 MATERIALS ..ottt 86
3.2.2 BUFFERS AND SOLUTIONS..........ccocoooiiiiiminenenineseneestesesesnesseseesaeneeenne 86
3.2.2.1 Protein Extraction Buffer Modified from Mayer (Mayer, 1987)................ 86
3.2.2.2 SDS Reducing BUffer.........cccooiriiiiininiienineneeeeteeeeee e 86
3.2.2.3 SX Electrode Buffer, PH 8.3 ... e eeeaaean 87
3.2.2.4 Gel Staining Solution for SDS-PAGE ..........ccccociiiniiiininiicrceeeee 87
3.2.2.5 Gel Destaining Solution for SDS-PAGE .........ccccooiiiiriiniiiininereeee 87
3.2.2.6 Gel Fixing Solution for Isoelectric Focusing. ..........cccceceveviiineneniienennenne 87
3.2.2.7 Gel Destaining Solution for Isoelectric Focusing. .........ccccceceviiveniinuennene. 87
3.2.2.8 Gel Staining Solution for Isoelectric Focusing. ...........ccccoeveveneenencnenncns 87
3. 2. 3 VISUALIZATION OF ISOZYMES..........ooeeieeeeeeeneeeeeeiesaesaesesaesseesennens 87
3.2.3.1 Acid phosphatase (AC; E.C. 3.1.3.2) Staining Recipe for Isoelectric
FOCUSINE. ...ttt sttt ettt e sae e 87
3.2.3.2. Non-specific esterase (EST; E.C.3.1.1) (colorimetric) Staining Recipe for
Iso€lectric FOCUSING. ....ccuiiiiiiiiiiee ettt 87
3. 2.3.3. Malate dehydrogenase (MDH; E.C.1.1.1.37) Staining Recipe for
ISOEIECIIC FOCUSING. ...voouviiiiiieiieiteiecetee ettt st s 88
3.2.3.4. Peroxidase (PRX; E.C.1.11.1.7) Staining Recipe for Isoelectric Focusing.88
3. 2.4. PROTEIN EXTRACTION AND QUANTIFICATION .........ccuuveveveenenennene 88
3.2.4.1. Protein EXtraction. .........ccceccevirerieniriininienieteiceieeieste ettt sttt enes 88
3.2.4.2. Protein QUantifiCation. ..............coeeeeeeiueeeieeneeceeeeereeeereeeeeeeereeereeeeseenees 90
382:5 SDE - PRIE ..o iaaneneionninsnceernsanisnns o s i o Wi i S50 s 051 098 . 8 90
3.2.5.1. Protein Sample and Gel Apparatus Preparation for SDS-PAGE............... 90
3.2.5.2. Gel Preparation for SDS-PAGE..........ccccooimimiiiiiiieieceenieeeeeeeiee 90
3.2.5.3. Gel Running Condition for SDS-PAGE ...........ccccoceriiiininiininiiicneene 91
3.2.5.4. Gel Staining and Destaining for SDS-PAGE.............ccccocinniininiininenne 91
3.2.5.5. Silver Staining for SDS-PAGE Gels......cc.ccccecuiviinieneniniiinieicnicseneeeene 91
3.2.6 ISOELECTRIC FOCUSING GEL ELECTROPHORESIS.: ............cccoveveueeuennen. 92
3.2.6.1. Protein Sample and IEF Gel Preparation ...........cccoccecevenernieneneeneeneeenn 92
3.2.6.2. Running Condition for the IEF gel .........cccoceviiviinininiiieienceenceeen 92
3.2.6.3. Sample Application for the IEF Gel .........ccccoviiniiniiiniiiniiiiinieeieeieeene 92
3.2.6.4 Determination of the Isoelectric Point ...........ccccoceveeviicienencienceienceieene 93
3.2.6.5. Staining and Destaining of the Isoelectric Focusing Gel ......................... 93
3. 2.6.6. Methods of visualization of isozymes on IEF Gels adapted from Cheliak
ANA PItE] (1984).... ittt ettt e e et e e eeaabae e e e s eesssssseeeeesensnnnnes 93

3.8, RESULTS... cumisyusconsunsumsnns s ovssssnssvssssosn -« 5446955 passsasasnssxsmans s« sugas s « soabvssss dhsammasmsasss 94



viii

3.3.1 SELECTION OF DEVELOPMENTAL STAGES OF MALE CONES IN Pinus

radiata FOR ANALYSIS AT THE PROTEIN LEVEL. ... 94
3.3.2 SOLUBLE PROTEIN CONTENT OF MALE CONE BUDS FROM EIGHT
DEVELOPMENTAL STAGES. ...ttt ettt 98
3. 3.3 CHANGES IN SDS-PAGE PROTEIN PATTERNS DURING MALE CONE
DEVELOPMENT. ........cocovvnenisssonsissssssssassmrassiaassasassensssssassssasnaasonsnsesesssatsassassssassssases 100
3.34. CHANGES IN ISOENZYME PATTERNS DURING MALE CONE
DEVELOPMENT ..ottt ettt sttt ettt et saeees 104

3.3.4.1. Study of the Enzyme Activity of Acid Phosphatase by Isoelectric Focusing104

3.3.4.2. Study of the Enzyme Activity of Non-specific Esterase by Isoelectric

FOCUSINE ...ttt sttt et e st eebe e e saneeas 107

3.3.4.3. Study of the Enzyme Activity of Malate Dehydrogenase by Isoelectric

FOCUSINE ..ottt et e e st e e et e e e sra e e s eaaeeeeesaeeennns 110

3. 3.4.4. Study of the Enzyme Activity of Peroxidase by Isoelectric Focusing....114
3.4, DISCUSSION......ceiiteietenteet ettt ettt st et s et sat e b st beese e b e saeesnesaeens 118

CHAPTER 4.0 A MOLECULAR BIOLOGY STUDY ON MALE CONE
DEVELOPMENT IN Pinus radiata—A SEARCH FOR PINUS HOMOLOGUES
TO GENES THAT CONTROL FLORAL DEVELOPMENT IN ANGIOSPERMS131

4.1. LITERATURE REVIEW ..ottt st e
4.2 MATERIALS AND METHODS........c.oooiiieeeeteeeeeeeeeee e 153
4. 2. 1. MEDIA, BUFFERS AND SOLUTIONS ...........ccooomirinineceiieeeieieeceaeneens 153
4.2.1.1. LB MA@ ...ttt 153
4.2.1.2. 2 X YT MEdi@....couiiiiiiieieiceeceeeeeee ettt s 153
4.2.1.3. TOP AZATOSE......coueiuieteieeieieteee ettt s 153
4.2.1.4. 1 X TBE BUffer.....oiiiiiiiiiee ettt 153
Foi lerte STEEAT Bl o cusmiasnimsromammns . commmemmemmns ... SR o oo eononnosusima s 183
4.2.1.6. SDS Loading Buffer..........cccceiiiiiiiiiiiieieeeeee et 153
4.2.1.7. TE Buffer and TAE Electrophoresis Buffer............cccoccovevnvinenncncnncnncne. 154
4.2.1.8.20 x SSC and 3 X SSC ...ttt 154
4.2.1.9. Prehybridisation Buffer............cccccocoueiiiiiciiececeeeeeeee e 154
4.2.1.10. TES Buffer (10/1/100) ....c.cooiririninieirteeeeteteeteee ettt 154
4.2.1.11. Tris-Equilibrated Phenol............ccccociriiieniiiiininiecneeeeeceeeeeeee 154
4.2.1.12. Acrylamide MIX........c.ceoiueriiernienieenieeee et e st se e s esee s e e eeeeeas 154
4.2.1.13. DNase free RNASEA .........oooiiiiirienieeeee ettt 155
4.2.1.14. 10 x Sequencing TBE Buffer.........ccccoociiiiiiniinniieeecceee 155
4.2.1.15. 10 x PCR amplification buffer.........c..cccceevereriirnieninnenienenencce e 155
4.2.1.16. CTAB DNA extraction buffer.........c..ccocceriiiiiniiniinienieeecnccceee 155
4.2.1.17. AGAMOUS (AG) plasmid DNA .......cccooiiiiiiiinenenereeeee e 155
4.2.1.18. LEAFY (LFY) plasmid DNA ......cccccoiiiiiiiiineeecteeeeeceee e 155
4.2.1.19. DNA molecular weight marker A DNA digested with Eco RI + Hind Il
(Boehringer Mannheim)..........cccueieiuieeiieciiieeieceecee et ae s 155
4.2.1.20. DNA molecular weight marker pBR322 DNA digested with Hinf I (New
England Biolabs)........cc.ciiiiiiieee e 156
4.2.1.21. DNA molecular weight marker: 1 kb DNA ladder (GIBCO BRL) ......... 156
4.2.1.22. M13mp18 RF DNA From E.coli (Boehringer Mannheim GmbH).......... 156
4.2.2. DNA ISOLATION........coooueiisrieeeeieesieieiec st se st eenas 157

4.2.2.1. Miniprep DNA Isolation from needle fascicle tissue of Pinus radiata and
the leaf tissue of Arabidopsis thaliana.......................cccccoueeveeeveeeveeeieeceeceeeeeeeenne. 157



1X
4.2.2.2. Plasmid DNA Isolation by the Rapid Boiling Method ............................. 157
4.2.3. DNA PURIFICATION..........coouoimiririsesieieieeeieeiesieesae et 158
4.2.3.1. Purification of DNA by phenol/chloroform extraction.............cccccceeennenee 158
4.2.3.2. Precipitation of DNA with ethanol or isopropanol............ccccceeeenenuennee. 158
4.2.4. DNA QUANTIFICATION ........coooiimiiririninieieeteteeeee ettt 159
4.2.4.1. Spectrophotometric Determination of DNA Concentration ..................... 159
4.2.4.2. Fluorometric quantitation of DNA............ccocoviiiiiniiniiicccc 159
4.2.4.3. Minigel method for determination of DNA concentration ....................... 159
4.2.5. RESTRICTION ENDONUCLEASE DIGESTION OF DNA..............ccccc...... 160
4.2.6. AGAROSE GEL ELECTROPHORESIS OF DNA..........ouvoiivninininecnenne 160
4.2.7. RECOVERY OF DNA FROM AGAROSE GELS ...........covvenirineceenns 161
4.2.7.1. Glassmax™ DNA isolation spin cartridge SyStem. ............c.cccooeevereennnne. 161
4.2.7.2. Polyester filter DNA isolation method (Struhl, 1994) .........cccccoeirrneennee. 161
4.2. 8. SOUTHERN BLOTTING AND HYBRIDISATION ........cccoovoeveniininenaennn. 162
4.2.8.1. Southern (Capillary) BIOtting...........cccevriinnniiriieninieientereecee e 162
4.2.8.2. Preparation of [0-*P]dCTP-labelled probe with the Ready-To-Go DNA
Labelling Kit. (Random labelling method). ........ccccooveriininiininiiiiiereccceeee 163
4.2.8.3. Separation of Unincorporated Nucleotides by Minispin Column
ChromatOZraphY.......coceeiiiiierieiitee ettt ettt et e et sre e eane st enneeas 163
4.2.8.4. Hybridisation of Probe DNA to Southern BIots ........cccooiviiriiiiiiniinennene. 163
4.2.8.5. Stripping Hybridised DNA off Southern Blots.............ccccovininniinncnnne 164
4.2.9. AMPLIFICATION OF DNA BY THE POLYMERASE CHAIN REACTION
(PCRI.... .- oo 0. . TR s i - s SRR AT + - 7%+ Gl ipa+ WIS 164
4.2.9.1. Primer designing for the amplification of the genomic DNA of Pinus
radiat@ bY PCR ........cocooiiiiii ettt ettt 164
4.2.9.2. Conditions for the amplification of the genomic DNA of Pinus radiata by
PR ettt et e b eae e aee 165
4.2.10. PURIFICATION OF PCR PRODUCTS FOR SEQUENCING.................... 165
4.2.11. DNA LIGATIONS .......coooioieiiiiiiiiicinienieteeeteste ettt eaeenens 166
4.2.12. PREPARATION OF COMPETENT E. COLI CELLS..............cocovvcunuennc. 166
4.2.13. TRANSFORMATION OF E. COLI WITH M13 BY HEAT SHOCK METHODI167
4.2.14. DNA SUBCLONING ........cocovviiiiiiinienieieteeeteseesteeseeit et 167
4.2.15. DNA SEQUENCING........ccoooeieeieeeeieeieieteieiesieesteaese et eeesee e sseseseesenens 168
4.2.16. POLYACRYLAMIDE GEL ELECTROPHORESIS OF SEQUENCING
REACTIONS ..ottt ettt ettt sttt et st sbe bbb bt st s sbe b eae 168
4.2.17. DNA SEQUENCE ANALYSIS ........ccoovoiioiiiiriinenenineeteent et 170
4.3 RESULTS .......ccccciomsnnssanncs assasssnssssssnssssssassnnsssssse ossussonsssasnssnssossssasasssnns osensssssisssesd 172
4. 3.1. ISOLATION AND QUANTIFICATION OF THE GENOMIC DNA FROM
NEEDLE FASCICLE TISSUE OF Pinus radiata ................cococeeveveesenenenseneennenes 172
4. 3.2. RESTRICTION ENDONUCLEASE DIGESTION OF PINE GENOMIC DNA173
4. 3. 3. PROBE PREPARATION FOR SOUTHERN HYBRIDISATION STUDY .....175
4. 3. 4. DETERMINING THE QUANTITY OF THE PINE GENOMIC DNA
REQUIRED FOR THE SOUTHERN BLOTTING AND HYBRIDISATION. ............. 177
4. 3.5. DETERMINING CONDITIONS FOR SOUTHERN HYBRIDISATION ....... 179
4.3.6. AMPLIFICATION OF PINE GENOMIC DNA BY THE POLYMERASE
CHAIN REACTION (PCR)......oueeiiiiiniiieiiisieieeteeteeeesteiestee sttt senes 181
4.3.7. DNA SUBCLONING .......c.oooueeeeeeiierieeisisisietsesieieesaestsie et ssssesens 187

4.3.8. DNA SEQUENCING AND SEQUENCE ANALYSIS ........cccoooveevniniiennns 189



4.3.9. ANALYSIS OF THE DEDUCED AMINO ACID SEQUENCE OF THE

CONSERVED MADS-BOX FROM Pinus radiata................cccccooueeveeeeeeeeeeeeenenne. 194
4.4 DISCUSSION ...ttt e et e et e e e e et e s e saaeesessseesenssessensessennsseeenneeas 197
4.4.1. DNA ISOLATION FROM Pinus radiatQ................cccccceeueeeevueeeesieeeeceeeeennens 197
4.4.2. HYBRIDISATION WITH PINE GENOMIC DNA, USING A HETEROLOGOUS
PROBE. ...t e e e et e e et e e e e e e e e e e eeaeeeeaeeesseseraeesaeeeaessneesaaas 199
4. 4.3. ISOLATING PINUS DNA SEQUENCES RELATED TO MADS-BOX GENES
)23 4 ) - R 200

4.4.4. ANALYSIS OF DNA SEQUENCES ISOLATED FROM Pinus radiata BY PCR202
4.4.5. CHARACTERISATION OF THE RELATIONSHIP BETWEEN PINE DNA
SEQUENCES WITH OTHER MAD-BOX DNA SEQUENCES..............ccccoovuveunnn. 204

CHAPTER 5.0 SUMMARY AND CONCLUSIONS 211

APPENDIX 1. A PRELIMINARY PLOIDY STUDY OF MALE CONE
DEVELOPMENT IN Pinus radiata BY FLOW CYTOMETRY - IN
COLLABORATION WITH M.E. HOPPING AT CYTOMETRY SERVICES,
WAIKANAE, NEW ZEALAND. 217

BIBLIOGRAPHY 228




Xi

LIST OF TABLES

Table 2.1. Some phenomena in the annual progression of events in male long shoot
terminal buds of Pinus radiata, growing in the central north island, Rotorua, New

ZRAIANG. . ...t e e e e e e e e e e et et e e aa et e e aaaa——eeeaaaaeaaaeaeeaaannnaaeaeaasaeanaane i/

Table 2.2. Comparison of developmental timetables of Pinus species from various world

JOCALIOMS... .ttt e e e e et e e e e e e e e eeeeeeeaneeeeeeaeeenetaeeeeaaneaeeeseaaseeeeeataeeeaeeeannnaeeeeannees 79

Table 3.1. Cytological characterisation of the nine developmental stages of the male cone

OF PINUS FAAUATA. ........oeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e e et eeeneeeaeeseeeeeeeeeseeseaneseessennteseanesnnessnneaneeenas 95

Table 3.2. SDS-PAGE study of changes of protein banding patterns during male cone
AV O PINIONI. . e - e e e 4 - S S S S S SRR 102

Table 3.3. Isoelectric focusing study of changes of the enzyme activity of acid

phosphatase during male cone develOpmENt.. ...............oocomiuieineceeeeeee s 106

Table 3.4. Isoelectric focusing study of changes of the enzyme activity of non-specific

esterase during male cone deVEIOPMENL..........coccertruirerirrirenreteenteceeeseeseeseeseeseeseeseseeneenens 109

Table 3.5. Isoelectric focusing study of changes of the enzyme activity of malate

dehydrogenase during male cone develoOpment. ............ccoueerieerirenieieiereenieeeneeeeeeeneees 1T2

Table 3.6. Isoelectric focusing study of changes of the enzyme activity of peroxidase

during male cone deVEIOPIMENL...........cccoiriiiiiiiirieetr ettt 116

Table 3.7. The specific occurrences of some protein species and isoforms of four

1soenzymes at different stages of male cone development. ..........cccoceeireniinnenrenencnnnes 129

Table 4.1. Genes involved in the regulation of meristem and floral organ identity in

Arabidopsis and their homologous genes identified from other plant species................... 136

Table 4.2. Spectrophotometric estimation of the purity of DNA solution extracted from

PINE LISSUES. ....neiueiiteteteetenteeteetesaeeueese et et et enteae e eseeseent e seeaeest et e s eseeae st emteeseentesseenesseeaeenenne 172

Table 4.3. The percentage identity between seven pine DNA sequences (Pml-4, Pm6-7
and Pm13) and eight Arabidopsis MADS-box DNA sequences (AG, AGL-1, 2, 4, 5, 6,
APT ANA AP3).cnee ettt e et ettt ettt ettt en 192



xii
Table A-1. A summary of mean channel number of linear fluorescence in relation to the

different DNA content (ploidy) of nuclei from tissues of Pinus radiata at different

SLAZES. .etenueuetruteteeette e et e s et e e a e et et e a e e st e a e e e h e e ea e e et e ea e e b e e et ten et ete e bt e et e et ennbeehtenaeeeneaens 225

Table A-2. An interpretation of results of the flow cytometry study on changes of the

nuclei ploidy during male cone development in Pinus radiata.....................ccc.ccouuce.... 226



xiil

LIST OF FIGURES

Fig 2.1. (upper) Diagrammatic representation of one cycle of shoot development of three

types of long shoot terminal buds (LSTB) in Pinus radiata.

(lower): Subordinate shoots of Pinus radiata, showing clusters of mature pollen

Fig 2.2. Changes of the size of male cone buds at different locations on the shoot axis

from three developmental StAZES. ..........cocvueririrueriirieinenteeeet ettt 23

Fig 2.3. A longitudinal section of a subordinate shoot terminal bud collected in mid-

INOVEIMDET 1901 ..ottt ettt e e e e teeeeseeneaneeeesanaeesseesnnnaeeesesennnnaeessannnnns 25

Fig 2.4. A median longitudinal section of a subordinate shoot terminal bud collected in

€arly December 1991, ...t s 26

Fig 2.5. A longitudinal section of a subordinate shoot terminal bud collected in mid-

JANUATY 1992, ...ttt sttt e s st 28

Fig 2.6. A higher magnification of Fig 2.5, showing the relatively larger and bullet-shaped
PSP (s - a5 {5 e s oS 29

Fig 2.7. A median longitudinal section of a developing pollen cone bud collected in late
February 1992. ... ettt ettt 30

Fig 2.8. A median longitudinal section of a developing pollen cone bud collected in mid-
MarCh 1992, ...ttt ettt st 31

Fig 2.9. A near median longitudinal section of a pollen cone bud, after the completion of

microsporophyll initiation in late April 1992.........coiiirriiieeee e 32

Fig 2.10. A higher magnification of Fig 2.9, showing a microsporophyll with an earlier

formed MiCTOSPOrANZIUMN. ........cueviueiririririeieeeieieteie ettt ettt ee s ee e 34

Fig2.11. A longitudinal section of a microsporophyll, collected in late May 1992,

showing the pollen mother cells (PMCs) within the microsporangium. ...........cccccccceueunenen. 35

Fig 2.12. A higher magnification of Fig 2.11, showing the larger nucleus, and the early

prophase stage of meiosis IN PMOCS........co.couiiiiiiiiiniinec et 37

Fig 2.13. Alongitudinal section of a microsporophyll, collected at the end of May 1992. .................... 38



xiv
Fig 2.14. A longitudinal section of a microsporophyll, collected in mid-June 1992,

showing the characteristic pachytene stage in PMCs. .......ccccoecirinininnnnenenenencniecnnene 39

Fig 2.15. A longitudinal section of a microsporophyll, collected in early July 1992,

ShOWINE MICTOSPOTE tELTAAS. ......evereieeiieiieeeeetetete ettt neee 40

Fig 2.16. A freshly prepared section obtained by a microsporophyll squash showing a

well formed miCroSPOre tetrad...........covueierierierereninieietetete et e e 41

Fig 2.17. A freshly prepared section obtained by a microsporophyll squash, showing a

MALUTE POLIEN SAIM. ...oiiiiiiieiet ettt e s e et s e snesme s s e eeens 42

Fig 2.18. Part of a microsporangium from a microsporophyll collected in late April 1992,

showing the surrounding tapetal cells and the central sporogenous cells. ............ccccc.ce...... 44
Fig 2.19. A higher magnification of Fig 2.18, showing part of three sporogenous cells...45
Fig 2.20. A higher magnification of Fig 2.18, showing part of two tapetal cells. ............. 46
Fig 2.21. Partof amicrosporangium from a microsporophyll collected in late May 1992. .................... 48

Fig 2.22. Part of a microsporangium from a microsporophyll collected in late May 1992,

showing one tapetal cell and two pollen mother cells. ........cocooeeirirenrininenireeecene 49

Fig 2.23. A higher magnification of Fig 2.21, showing parts of the two pollen mother
o | U TN = SRS-" S 50

Fig 2.24. A higher magnification of Fig 221, showing parts of three pollen mother cells. .................... 51

Fig 2.25. Part of a microsporangium of a microsporophyll collected at the end of May

O s e o i s s i - - ¥ s e e S s SRR 52
Fig 2.26. Higher magnification of Fig 2.25, showing part of a pollen mothercell............ 53
Fig 2.27. Higher magnification of Fig 2.25, showing part of a pollen mother cell............ 54
Fig 2.28. Higher magnification of Fig 2.25, showing part of a pollen mother cell............ 55
Fig 2.29. Higher magnification of Fig 2.25, showing part of a pollen mother cell............. 56

Fig 2.30. Part of the microsporangium from the microsporophyll collected in early June



Fig 2.32. Higher magnification of Fig 2.30, showing part of a tapetal cell........................ 60

Fig 2.33. Part of a microsporangium from a microsporophyll collected in early June 1992,

showing parts of two tapetal cells and one pollen mother cell. ..........ccocoeerirnnireccncnenennne 61

Fig 2.34. Section prepared from tissue collected in mid-June 1992, showing a pollen

007031 4= o) | TSRO PRRURPTRRRRRRIN 63

Fig 2.35. Part of two pollen mother cells from a microsporophyll collected in mid-June,

showing invagination of the cytoplasmic membrane..............c.coeocreriennierincnnccnnenenee 64

Fig 3.1 Changes of length and width of male cone buds randomly collected from pine

ShOOLS Of NINE SLAZES. .....eeveiviuriiiiiiiiie ettt ettt re ettt s e cmneene e 97

Fig 3.2 Changes in protein content of two radiata pine clones at eight developmental

I S e T T 99

Fig 3.3. SDS-PAGE gels stained with coomassie blue and silver reagent, showing the
soluble protein banding patterns from different developmental stages of the male cone in

PURUS FAAUALA. ...t ee e e e eeeeeteeeeeeeteeseeeeeemeeeeanna e eeas 101

Fig 3.4. Isoelectric focusing gel electrophoresis study of the enzyme activity of acid

phosphatase during male cone development in Pinus radiata. ................ccccccouveeueeuennnc. 105

Fig 3.5. Isoelectric focusing gel electrophoresis study of the enzyme activity of non-

specific esterase during male cone development in Pinus radiata......................cccueucn... 108

Fig 3.6. Isoelectric focusing gel electrophoresis study of the enzyme activity of malate

dehydrogenase during male cone development in Pinus radiata......................c..cccceueuen.. 111

Fig 3.7. Isoelectric focusing gel electrophoresis study of the enzyme activity of peroxidase

during male cone development in Pinus radiata. ................ccoeeeeeeeeeeeeeueeereneseeseeesaennnes 115

Fig 4.1. Restriction endonuclease digestion of pine genomic DNA and Arabidopsis

8eNOMIC DINA . ..o ettt sttt cr e s et e aesae e nes 174

Fig 4.2. Isolating the Arabidopsis AGAMOUS cDNA insert from pGEM7Z(+) plasmid
DNA and LEAFY cDNA from pBluescript by restriction endonuclease digestion........... 176



Xvi

Fig 4.3. Ovemight gel electrophoresis (25 volts) on a 1% agarose TAE gel for Southern
RYDIIAISALION. ...coviiiiiiiiiiiccc e 178

Fig 4.4. An autoradiograph showing the result of the Southern hybridisation between
Arabidopsis AGAMOUS cDNA probe and digested pine genomic DNA.............cccc..e.. 180

Fig 4.5. 94 bp long pine DNA fragments amplified by PCR, using degenerate primers

targeting the conserved site of the MADS box region revealed on 3% agarose gel. ........ 182

Fig 4.6. PCR products from the first 40 cycles amplification were used as template DNA

and amplified again for another 40 cycles, the result was shown on a 3% agarose gel....184

Fig 4.7. PCR product mixture shown on lane 3 and lane 4 in Fig 4.6 was concentrated 10

folds and separated on a 3% seaPlague agarose (low melting point ) gel at 4°C. ............. 186

Fig 4.8. Putative recombinants [M13mp18 plasmid DNA containing pine DNA inserts

(PCR products)]were shown on a 1% agarous gel...........coceeueerivireeinenineniecrine e 188

Fig 4.9. Fourteen (Pm1-Pm14) DNA sequences isolated from the Genomic DNA of Pinus

radiata by PCR, using primers based on the conserved MADS-box region aligned with the
conserved MADS-box DNA sequences of AGAMOUS.............ccooevniennccncccnecnnnes 190

Fig 4.10. Sequence comparison of seven (Pml, Pm2, Pm3, Pm4, Pm6, Pm7, and
Pm13) DNA sequences isolated from the Genomic DNA of Pinus radiata by PCR with
other MADS-bOX DINA SEQUENCES. .......ceueeuerueerinrieiineieententeeseeteseseesesse s ssessessesssseesesenes 191

Fig 4.11. A dendrogram based on the pairwise sequence alignment, showing the
relatedness of six pine DNA sequences (Pml, Pm2, Pm3, Pm4, Pm6, and Pm13 ) with
MADS-box DNA sequences from Other SPECIES. .......co.cerirririerienieriierenieeeeeee e 193

Fig 4.12. An alignment of the deduced amino acid sequences of seven PCR clones (Pml,
Pm2, Pm3, Pm4, Pm6, Pm7 and Pmil3) of Pinus radiata with deduced amino acid

sequences of conserved MADS-box regions from various plant species............c..cccceue... 195

Fig A-1. Histogram of florescence intensity following PI staining of nuclei from the

haploid megagametophyte tissue of Pinus radiata. ................cceeeeveeeeeueeveseeceesreeannens 219

Fig A-2. Histogram of florescence intensity following Propidium iodide (PI) staining of nuclei from
sporogenous tissues of the male cone in Pius radiata collected on 19/4/92. 220




xvil
FigA-3. Histogram of florescence intensity following PI staining of nuclei from

sporogenous tissues of the male cone in Pinus radiata collected on 20/5/92. .............. 221

FigA-4. Histogram of florescence intensity following PI staining of nuclei from

sporogenous tissues of the male cone in Pinus radiata collected on 16/6/92. .............. 222

FigA-5. Histogram of florescence intensity following PI staining of nuclei from

sporogenous tissues of the male cone in Pinus radiata collected on 2/7/92. ................ 223

FigA-6. Histogram of florescence intensity following PI staining of nuclei from

germinated pollen tubes Of Pinus radiGra..............cceeueeeeeeeceeveseeeneniesieeeesessesessenens 224



ABBREVIATIONS

AGAMOUS gene

Cetyltrimethyl ammonium bromide
Dithiothreitol
(3-{4,5-Dimethylthiazol-2-yi]-2,5-diphenyltetrazoliurn bromide)
Dwarf shoot bud

Endoplasmic reticulum

Ethanol

FLORICAULA gene
Formalin-acetic-alcohol

Glacial acetic acid

Isoelectric focusing

LEAFY gene

Long shoot lateral branch bud
Long shoot terminal bud

Methanol

Nicotinamide adenine dinucleotide
N,N,N’ N’-tetramethylethylenediamine
Phenazine methosulfate

Pollen mother cells

Pollen/male cone bud
Polyacrylamide gel electrophoresis
Polymerase chain reaction

Rough endoplasmic reticulum
Seed/female cone bud

Sodium dodecyl sulphate

Tertial butyl alcohol

Transmission electron microscopy

Trichloroacetic acid

xviil

AG
CTAB
DTT
MTT
DSB
ER
ETOH
FLO
FAA
HOAC
IEF
LFY
LSLB
LSTB
MeOH
NAD
TEMED
PMS
PMCs
PCB
PAGE
PCR
RER
SCB
SDS
TBA
TEM
TCA



