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Abstract 

Apple (Malus x domestica) fruit size is facilitated by cell division and cell expansion, which 

in turn is regulated by plant hormones such as auxins, gibberellins, and CKs. The work 

presented here examines the role of cell division and cell expansion in apple growth and 

determine which of the processes contributes most to final fruit size. Three apple cultivars 

selected for different size were used in this study. ‘Twenty Ounce’ (large-sized), ‘Royal 

Gala’ (medium-sized), and Crab apple (small-sized) apple cultivars were analysed over two 

consecutive seasons. Gene expression and cell area measurements were carried out each 

season. The expression of cell division markers MdCDKB2:2 is correlated with MdANT2 

with both showing high expression patterns at early stages of timecourse and gradually 

decreasing towards the end of timecourse. Cell expansion markers MdEXP3, showed 

upregulated expression as the cells expanded, while MdARF106 was expressed in both cell 

division and cell expansion stages. Ripening related genes; MdACO1 and MdPG1, were 

highly expressed during the ripening stage. The cell areas of each cultivar were similar at 

both 0 day after pollination (DAP) and at ripening (120 DAP). Due to the seasonal limitation 

in apple studies, attempts to mimic apple cells growth in cell cultures were carried out. 

‘Royal Gala’ cell culture was first established. Growth measurements of this culture showed 

that there was a 14 day growth period, during which the expression of the fruit expressed 

MdCDKB2:2 corresponding to the rapidly growing phase of the culture. Different hormone 

concentrations were screened in 96-, 24-, and 6-well plates using several different gradients 

of hormones (auxin, 2,4-D; CK, 6-BAP; Gibberellin, GA3) to assess optimum concentrations 

for cell expansion. Cell size was then measured and aligned to gene expression. Higher 

concentrations of 6-BAP or/and GA3, or ACC triggered cell expansion or ripening when 

combined with a lower concentration of 2,4-D, by increasing MdEXP3 and MdACO1 

respectively, while a modest expression of MdCDKB2:2 indicated that cell division had 

decreased with these treatments. These expression studies suggest that the cell cultures 

appear to mimic the growing fruit thus provide new insights on the processes that take place 

during fruit development. 

 

 

 



Acknowledgements 

iii 

 

Acknowledgements 

 

I would like to express my gratitude to The Ministry of Education Malaysia (MoE) and 

Universiti Teknologi MARA (UiTM) for the financial support given to me. My PhD pursuit 

would have been impossible without this support. Thanks to the University of Auckland for 

giving me the opportunity to gain knowledge. A million thanks goes to my supervisors 

Assoc. Prof. Dr. Andrew Allan and Dr. Judy Sutherland for all the help and support given to 

me. It is highly appreciated. Thanks to staffs in SBS who were helpful to me as well as to 

staffs at the Plant and Food Research (Mount Albert and Hawke’s Bay) who assisted me 

while I did my work there. To my beloved mother and father, thank you for your blessing and 

the endless prayers for me; for the advice and supports through my ups and downs. May 

every tear that has ever fallen from your eyes on my behalf become a river for you in 

Paradise. To my brothers and sisters, thank you for your prayers and supports, and for making 

me laugh when I didn’t even want to smile. You guys are irreplaceable. Thanks to my 

lecturers in Malaysia for their advice and support. May God bless you abundantly. To all my 

friends, thank you for the advice and support. Good friends are hard to come by. Good luck 

with your PhD journey. Till we reunite again.  

  



Co-Authorship form 

iv 

 

Co-Authorship form 

 



Table of Contents 

v 

 

Table of Contents 

Abstract ...................................................................................................................................... ii 

Acknowledgements .................................................................................................................. iii 

Co-Authorship form .................................................................................................................. iv 

Table of Contents ....................................................................................................................... v 

List of Figures ........................................................................................................................... ix 

List of Tables ......................................................................................................................... xiii 

Chapter 1: General Introduction ................................................................................................ 1 

1.1 Preface ......................................................................................................................... 1 

1.2 Origin of apple fruit cultivars ...................................................................................... 2 

1.3 Fruit development ....................................................................................................... 3 

1.3.1 Stages of fruit development ................................................................................. 3 

1.3.2 Cell differentiation ............................................................................................... 5 

1.4 Role of hormones and their signalling pathways ........................................................ 8 

1.4.1. Auxin ........................................................................................................................ 9 

1.4.2. Auxin-CK crosstalk ................................................................................................ 12 

1.4.3. Gibberellins ............................................................................................................ 14 

1.4.4. Abscisic acid ........................................................................................................... 15 

1.4.5  Brassinosteroids ...................................................................................................... 16 

1.5 Hormonal control during fruit development ............................................................. 17 

1.5.1 Fruit ripening, ethylene biosynthesis, and other related hormones ................... 23 

1.6 Selected genes for gene expression studies ............................................................... 25 

1.6.1 Apple Cyclin-Dependent Kinase B2 Homeologue 2 (MdCDKB2:2) ................ 25 

1.6.2 Apple Aintegumenta 2 (MdANT2) ..................................................................... 27 

1.6.3 Apple Auxin response factor 106 (MdARF106) ................................................ 28 

1.6.4 Apple Expansin 3 (MdEXP3) ............................................................................. 28 

1.6.5 Apple ACC Oxidase 1 (MdACO1) .................................................................... 29 

1.6.6 Apple Polygalacturonase 1 (MdPG1) ................................................................ 30 

1.7 Fruit size control........................................................................................................ 30 

1.8 Influence of hormones in apple cell culture and differentiation ............................... 33 

1.9 Aims of the research .................................................................................................. 42 

Chapter 2: Materials and Methods ........................................................................................... 43 

2.1 Buffers, media and solutions ..................................................................................... 43 

2.2 Fruit size control (Season 1)...................................................................................... 46 



Table of Contents 

vi 

 

2.2.1 Pollen preparation and pollination. .................................................................... 46 

2.2.2 Sample collections/harvest................................................................................. 47 

2.2.3 Histology studies ................................................................................................ 47 

2.2.4 Section cutting ................................................................................................... 48 

2.2.5 Section staining .................................................................................................. 48 

2.2.6 Microscopy ........................................................................................................ 49 

2.2.7 Average cell size measurement .......................................................................... 50 

2.3 Fruit size control (Season 2)...................................................................................... 50 

2.3.1  Pollen preparation and pollination ..................................................................... 50 

2.3.2 Samples harvest and dissection .......................................................................... 51 

2.3.3 Histology slide preparation and cell size measurement ..................................... 51 

2.3.4 RNA extraction (maxi-prep) .............................................................................. 51 

2.3.5 Electrophoresis gel agarose ................................................................................ 53 

2.3.6 First strand cDNA synthesis .............................................................................. 53 

2.3.7 Polymerase chain reaction (PCR) ...................................................................... 53 

2.4 Design of markers ..................................................................................................... 54 

2.4.1 MdCDKB2:2 ...................................................................................................... 54 

2.4.2 MdANT2 ............................................................................................................. 55 

2.4.3 MdARF106 ......................................................................................................... 55 

2.4.4 MdEXP3 ............................................................................................................. 56 

2.4.5 MdACO1 ............................................................................................................ 56 

2.4.6 MdPG1 ............................................................................................................... 56 

2.4.7 MdActin .............................................................................................................. 56 

2.4.8 MdGAPDH ......................................................................................................... 56 

2.5 Real-time RT-PCR analysis (qPCR) ......................................................................... 57 

2.5.1 Primer efficiency ................................................................................................ 57 

2.5.2 qPCR reaction .................................................................................................... 58 

2.5.3 qPCR data analysis ............................................................................................ 59 

2.5.4 Statistical analysis .............................................................................................. 59 

2.6 Callus induction......................................................................................................... 59 

2.6.1 Surface decontamination of apples and callus initiation.................................... 60 

2.6.2  Assessment of callus growth and callus maintenance ...................................... 60 

2.7 Cell culture initiation and establishment ................................................................... 61 

2.7.1 Optimisation of growth medium composition ................................................... 62 

2.7.2 Maintenance work and subculture ..................................................................... 62 

2.7.3 Characterisation of the established cell cultures ................................................ 63 

2.7.4 Viability test ....................................................................................................... 65 



Table of Contents 

vii 

 

2.8 Induction of cell expansion and ripening in cell cultures .......................................... 65 

2.8.1 96-well plate screening ...................................................................................... 65 

2.8.2 Cell diameter measurement................................................................................ 66 

2.8.3 24-well plate....................................................................................................... 66 

2.8.4 6-well plate......................................................................................................... 67 

2.9 Phylogenetic analysis, promoter isolation, and transient assay of 35:DR5:GFP ...... 67 

2.9.1 Phylogenetic analysis ......................................................................................... 68 

2.9.2  35S:DR5:GFP cloning and transient assays in tobacco plants .......................... 68 

Chapter 3: Studies on fruit size control through characterisation of three cultivars on whole 

fruit, cellular, and molecular levels.......................................................................................... 72 

3.1 Introduction ............................................................................................................... 72 

3.2 Fruit characterisation on the fruit morphology and cellular level ............................. 73 

3.2.1 Fruit width measurement ................................................................................... 73 

3.2.2 Average cell size measurement .......................................................................... 78 

3.3 Fruit characterisation on the molecular level ............................................................ 84 

3.3.1 Season 1: Specific marker identification and tests on ‘Royal Gala’. ................. 85 

3.3.2 Season 2: Comparison of differential gene expression among three apple 

cultivars. ........................................................................................................................... 93 

3.5 Discussion ............................................................................................................... 103 

Chapter 4: Optimised methods for callus induction and establishment in ‘Royal Gala’ cortex 

cell cultures ............................................................................................................................ 108 

4.1 Introduction ............................................................................................................. 108 

4.2 Results ..................................................................................................................... 109 

4.2.1 Callus induction without CK ........................................................................... 109 

4.2.2 Callus induction with 6-benzylaminopurine (BAP) supplementation ............. 110 

4.2.3 Optimisation of hormone concentrations for friable calluses .......................... 110 

4.2.4 Callus maintenance .......................................................................................... 114 

4.2.5 Cell culture initiation ....................................................................................... 114 

4.2.6 Cell culture establishment ................................................................................ 117 

4.2.7 Viability test ..................................................................................................... 123 

4.2.8 RNA quantification .......................................................................................... 124 

4.3 Discussion ............................................................................................................... 126 

Chapter 5: Induction of cell differentiation in ‘Royal Gala’ cortex cell cultures .................. 133 



Table of Contents 

viii 

 

5.1 Introduction ............................................................................................................. 133 

5.2 Results ..................................................................................................................... 134 

5.2.1 Induction of cell expansion using 2,4-D:BAP ................................................. 134 

5.2.2 Induction of cell expansion using 2,4-D:GA3 .................................................. 145 

5.2.3  Induction of cell expansion using 2,4-D:GA3:BAP ......................................... 155 

5.2.4 Induction of ripening using 2,4-D:ACC .......................................................... 160 

5.3 Discussion ............................................................................................................... 164 

Chapter 6: CDK phylogenetic analysis and transient assays of 35S:DR5:GFP .................... 171 

6.1 Introduction ............................................................................................................. 171 

6.2 Results ..................................................................................................................... 172 

6.2.1 Phylogenetic analysis of CDK genes ............................................................... 172 

6.2.2 Isolation of 35S:DR5:GFP construct and transient assays into tobacco .......... 177 

6.3 Discussion ............................................................................................................... 180 

Chapter 7: Final discussion .................................................................................................... 182 

7.1  Fruit size control in apples ...................................................................................... 182 

7.2 Effects of hormones on callus induction and cell culture establishment ................ 189 

7.3 Cell expansion induction in cell culture .................................................................. 191 

7.4 Ripening induction in cell culture ........................................................................... 193 

7.5 Future directions ...................................................................................................... 195 

7.6 Significance of this work/conclusions..................................................................... 196 

Appendices ............................................................................................................................. 197 

A.1. Repetition tests of cell expansion induction using 2,4-D:BAP .................................. 197 

A.2. Repetition tests of cell expansion induction using 2,4-D:GA3 ................................... 202 

A.3 Repetition tests of cell expansion using 2,4-D:GA3:BAP ........................................... 207 

A.4 RNA quantification during fruit size work.................................................................. 210 

A.5 RNA quantification during cell expansion induction .................................................. 212 

A.6. RNA quantification during ripening induction .......................................................... 216 

References .............................................................................................................................. 217 

 

  



List of Figures 

ix 

 

List of Figures 

Figure 1.1. King flower and lateral flowers of an apple cluster ................................................ 4 

Figure 1.2. Schematic view of the cell cycle. ........................................................................... 7 

Figure 1.3. Auxin signaling pathway....................................................................................... 11 

Figure 1.4. Auxin and CK signalling interaction. ................................................................... 13 

Figure 1.5. Callus types and cell suspension of apple ‘Royal Gala’ ....................................... 35 

Figure 2.1. Number of days after full bloom (DAFB) selected for sampling (Season 1). ...... 47 

Figure 2.2. Cell count grid order illustration. ......................................................................... 50 

Figure 2.3. Number of DAFB selected for sampling (Season 2). ........................................... 51 

Figure 2.4. Layout of a 96-well plate during cell expansion induction screening. ................. 66 

Figure 3.1. ‘Twenty Ounce’ fruit morphology. ....................................................................... 74 

Figure 3.2. ‘Royal Gala’ fruit morphology. ............................................................................. 75 

Figure 3.3. Crab apple fruit morphology. ................................................................................ 75 

Figure 3.4. Average fruit diameter of the three cultivars (Season 2). ..................................... 77 

Figure 3.5. Relationship between fruit diameter and cell size among three apple cultivars. .. 78 

Figure 3.6. Safranin (1%)-Fast Green (0.5%) staining on ‘Twenty Ounce’. .......................... 79 

Figure 3.7. Fruit cells on two different stainings on 14 DAFB ‘Twenty Ounce’ (A) Toluidine 

Blue O (B) Safranin (1%)-Fast Green (0.5%). ........................................................................ 81 

Figure 3.8. Average cell size of three cultivars using three individual replicates (Season 1). 84 

Figure 3.9. Average cell size of three cultivars using three individual replicates (Season 2). 84 

Figure 3.10. Relative expression of MdCDKB2:2 gene in ‘Royal Gala’ during Season 1 ..... 86 

Figure 3.11. Relative expression of MdANT2 in ‘Royal Gala’ during Season 1 harvest. ....... 88 

Figure 3.12. Relative expression of MdEXP3 in ‘Royal Gala’ during Season 1 harvest. ....... 90 

Figure 3.13. Relative expression of MdARF106 in ‘Royal Gala’ during Season 1 harvest. ... 91 



List of Figures 

x 

 

Figure 3.14. Relative expression of MdACO1 in ‘Royal Gala’ during Season 1 harvest.. ..... 92 

Figure 3.15. Relative expression of MdPG1 in ‘Royal Gala’ during Season 1 harvest. ......... 93 

Figure 3.16. Differential expression of MdCDKB2:2 in three cultivars during Season 2. ..... 96 

Figure 3.17. Differential expression of MdANT2 in three cultivars during season 2.. ............ 98 

Figure 3.18. Differential expression of MdEXP3 in three cultivars during Season 2. .......... 100 

Figure 3.19. Differential expression of MdARF106 in three cultivars during Season 2.. ..... 102 

Figure 3.20. Differential expression of MdACO1 in three cultivars during Season 2. ......... 103 

Figure 4.1. Callus induction from 28 DAFB – ‘Royal Gala’ fruits ....................................... 109 

Figure 4.2. Callus induced from 42 DAFB ‘Royal Gala’ fruits. ........................................... 110 

Figure 4.3. Hormone concentration optimisation screen ...................................................... 113 

Figure 4.4. Callus adaptation on MS medium with 4.5 µM 2,4-D:4.5 µM BAP.. ................ 114 

Figure 4.5. Cell culture initiation using MS medium with 4.5 µM 2,4-D: 4.5 µM BAP. ..... 115 

Figure 4.6. Microscopy images of cells cultured with combinations of 2,4-D:BAP. ........... 116 

Figure 4.7. Growth curve of ‘Royal Gala’ cell cultures with a short exponential phase. ..... 117 

Figure 4.8. Growth curve 1 throughout 14 days of culture versus relative expression ........ 119 

Figure 4.9. Growth curve 2 throughout 14 days of culture versus relative expression ........ 120 

Figure 4.10. Microscopy images of cell cultures for growth curve 1. .................................. 121 

Figure 4.11. Microscopy images of cell cultures for growth curve 2.. ................................. 122 

Figure 4.12. Comparison of cell culture thickness ................................................................ 123 

Figure 4.13. Microscopy images during viability test........................................................... 124 

Figure 5.1. Microscopy of cells treated with different combinations of 2,4-D:BAP on day 4 

of treatment using a 96-well plate.. ........................................................................................ 136 

Figure 5.2. Average diameter of cells cultured with hormone pairs 2,4-D:BAP .................. 138 

Figure 5.3. Microscopy of cells of every hormone concentration combination ................... 140 

Figure 5.4. Gene expression of MdCDKB2:2 and MdEXP3 for every hormone concentration 



List of Figures 

xi 

 

combination relative to MdGAPDH on day 4 of treatment.. ................................................. 141 

Figure 5.5. Average cell diameter for each hormone concentration combination tested on the 

6-well plate on day 0 and day 4 of treatment. ........................................................................ 142 

Figure 5.6. Microscopy of cells of every hormone concentration combination ................... 143 

Figure 5.7. Gene expression at 1 day intervals of MdCDKB2:2 and MdEXP3 .................... 145 

Figure 5.8. Cell microscopy of several hormone concentration combinations of 2,4-D:GA3 

tested using a 96-well plate on day 4 of treatment................................................................. 147 

Figure 5.9. Average cell diameter of each hormone concentration combination of 2,4-D:GA3 

tested on a 24-well plate on day 4 of treatment.. ................................................................... 149 

Figure 5.10. Cell microscopy for each hormone concentration combination tested on a 24-

well plate.. .............................................................................................................................. 150 

Figure 5.11. Gene expression of MdCDKB2:2 and MdEXP3 ............................................... 151 

Figure 5.12. Average diameter of cells treated with different hormone concentration 

combinations of 2,4-D:GA3 ................................................................................................... 152 

Figure 5.13. Microscopy of cells treated with different hormone concentration combinations 

of 2,4-D:GA3 using a 6-well plate.. ....................................................................................... 153 

Figure 5.14. Gene expression analysis MdCDKB2:2 and MdEXP3. .................................... 155 

Figure 5.15. Average diameter of cells treated with different hormone concentration 

combinations of 2,4-D:GA3:BAP .......................................................................................... 156 

Figure 5.16. Microscopy of cells treated with different hormone concentration combinations 

of 2,4-D:GA3:BAP using a 6-well plate.. ............................................................................... 157 

Figure 5.17. Gene expression analysis of MdCDKB2:2 and MdEXP3. ................................ 159 

Figure 5.18. Cell diameter measurement of cells treated with different hormone 

concentration combinations of 2,4-D:ACC after 24 hours of treatment. ............................... 161 

Figure 5.19. Microscopy of cells treated with different hormone concentration combinations 

of 2,4-D:ACC using a 6-well plate. ....................................................................................... 161 

Figure 5.20. Gene expression of MdCDKB2:2 and MdACO1 in treated cells with 2,4-D:ACC

................................................................................................................................................ 163 

Figure 6.1. Phylogenetic tree of the cyclin dependent kinases (CDKs) ............................... 174 

Figure 6.2. Plasmid digestion with HindIII. .......................................................................... 177 



 

xii 

 

Figure 6.3. DR5 activity observed under UV field using GFP lense.. .................................. 179 

Figure 7.1. Schematic diagram showing cell differentiation in apple cell cultures. ............. 195 

Figure A.1. Average diameter of cells cultured with hormone pairs 2,4-D:BAP with 23 

concentration combinations ................................................................................................... 197 

Figure A.2. Microscopy images of cells cultured with different hormone concentration 

combinations of 2,4-D:BAP using 24-well plate. .................................................................. 198 

Figure A.3. Cell diameter and gene expression on two repetitions of cells treated with 

different hormone concentration combinations of 2,4-D:BAP using 6-well plate. ............... 199 

Figure A.4. Repeat 1: Microscopy cell images of cells treated with different hormone 

concentration combinations of 2,4-D:BAP using a 6-well plate. .......................................... 200 

Figure A.5. Repeat 2: Microscopy cell images of cells treated with different hormone 

concentration combinations of 2,4-D:BAP using a 6-well plate. .......................................... 201 

Figure A.6. Average diameter of cells cultured with hormone pairs 2,4-D:GA3 with 23 

concentration combinations ................................................................................................... 202 

Figure A.7. Microscopy images of cells cultured with different hormone concentration 

combinations 2,4-D:GA3 using a 24-well plate. .................................................................... 203 

Figure A.8. Average cell diameter and gene expression in cells treated with different 

hormone concentration combinations of 2,4-D:BAP using a 6-well plate on two repeats. ... 204 

Figure A.9. Repeat 1: Microscopy cell images of cells treated with different hormone 

concentration combinations of 2,4-D:GA3 using a 6-well plate. ........................................... 205 

Figure A.10. Repeat 2: Microscopy cell images of cells treated with different hormone 

concentration combinations of 2,4-D:GA3 using a 6-well plate. ........................................... 206 

Figure A.11. Average cell diameter and gene expression in cells treated with different 

hormone concentration combinations of 2,4-D:GA3:BAP. .................................................... 207 

Figure A.12. Repeat 1: Microscopy cell images of cells treated with different hormone 

concentration combinations of 2,4-D:GA3:BAP using a 6-well plate. .................................. 208 

Figure A.13. Repeat 2: Microscopy cell images of cells treated with different hormone 

concentration combinations of 2,4-D:GA3:BAP using a 6-well plate. .................................. 209 

  



List of Tables 

xiii 

 

List of Tables 

Table 1.1. Diversity of growth conditions on initiating and maintaining callus and suspension 

culture in various plant species. ............................................................................................... 37 

Table 2.1. Buffers, media and solutions used in this research. ................................................ 43 

Table 2.2.  PCR reaction components used for target genes screening. .................................. 54 

Table 2.3. PCR reaction conditions used to screen target genes. ............................................ 54 

Table 2.4. Primer sequences for qPCR analysis ...................................................................... 57 

Table 2.5. Timepoints of days after full bloom (DAFB) used on primer efficiency test......... 58 

Table 2.6. qPCR components. ................................................................................................. 59 

Table 2.7. Hormone combinations tested for friable callus growth. ....................................... 61 

Table 3.1. Average cell number of three cultivars in Season 1 ................................................ 83 

Table 3.2. Average cell number of three cultivars in Season 2 ................................................ 83 

Table 4.1. Hormone combinations tested for promotion of ‘Royal Gala’ callus ................... 112 

Table 4.2. RNA extracted from cell cultures during growth curve 1 measurement. ............. 125 

Table 4.3. RNA extracted from cell cultures during growth curve 2 measurement. ............. 125 

Table 5.1. Concentrations of 2,4-D:BAP description. ........................................................... 138 

Table 5.2. Concentrations of 2,4-D:GA3 description. ........................................................... 148 

Table 6.1. Gene name and gene number of Cyclin Dependent Kinases ............................... 173 

Table A.1. RNA quantification of ‘Royal Gala’ flowers/fruits on Season 1.. ....................... 210 

Table A.2. RNA quantification of ‘Twenty Ounce’ flowers/fruits on Season 2. ................... 210 

Table A.3. RNA quantification of ‘Royal Gala’ flowers/fruits on Season 2. ........................ 211 

Table A.4. RNA quantification of Crab apple flowers/fruits on Season 2. ........................... 211 

Table A.5. RNA quantification of cells treated with 2,4-D:BAP using a 24-well plate ........ 212 

Table A.6. RNA quantification on samples treated with 2,4-D:BAP using 6-well plate ...... 212 



 

xiv 

 

Table A.7. Repetition 1: RNA quantification of cells treated with 2,4-D:BAP .................... 213 

Table A.8. Repetition 2: RNA quantification of cells treated with 2,4-D:BAP. .................... 213 

Table A.9. RNA quantification on samples treated with 2,4-D:BAP .................................... 213 

Table A.10. Repetition 1: RNA quantification of cells treated with 2,4-D:GA3. .................. 214 

Table A.11. Repetition 2: RNA quantification of cells treated with 2,4-D:GA3 ................... 214 

Table A.12. RNA quantification on samples treated with 2,4-D:GA3:BAP .......................... 215 

Table A.13. Repetition 1: RNA quantification of cells treated with 2,4-D:GA3:BAP .......... 215 

Table A.14. Repetition 2: RNA quantification of cells treated with 2,4-D:GA3:BAP. .......... 216 

Table A.15. RNA quantification of cells treated with 2,4-D:ACC ........................................ 216 



Chapter 1: General Introduction 

1 

 

Chapter 1: General Introduction 

 

1.1 Preface  

Fruits are reproductive organs unique to the Angiosperms that have evolved to promote seed 

dispersal. Fleshy fruits assist seed dispersal by attracting animals because of their colour, 

flavour, nutritional content, and textures. Apples are an important export crop for New 

Zealand and are also becoming a valuable model for understanding vital traits in fruiting tree 

crops (Shao et al., 2010). In recent years, ‘Royal Gala’ and ‘Red Fuji’ apples have become 

increasingly popular cultivars on the world market (Shao et al., 2010). Fruit development 

starts with successful fertilisation and subsequent fruit setting. After fruit set, cells will 

differentiate into fruit cortex cells by undergoing cell expansion, maturation, and ripening, a 

process that is controlled by plant hormones (McAtee et al., 2013). It is well known that 

hormones control these different steps during fruit development (Devoghalaere et al., 2012; 

Seymour et al., 2013). Apple fruit size is facilitated by cell division and cell expansion, which 

in turn is regulated by plant hormones such as auxins, gibberellins, and CKs. In the first part 

of this research, the role of cell division and cell expansion was investigated throughout fruit 

development of three apple cultivars and it was determined which of these contributes to final 

fruit size by assessing fruit morphology, gene expression (qPCR), and histology (cell area 

measurement).  

While much work has gone into understanding fruit development and ripening in 

apples, much remains to be elucidated. One issue in studying cell development and ripening 

in apple fruit is the lengthy annual fruit development cycle. However, studies of each stage of 

fruit development can be carried out using a rapidly growing cell culture system that can 

differentiate and ripen. Cell cultures remain in a rapidly dividing undifferentiated small-cell 

state, but through manipulation of hormones, the goal is to drive cell differentiation into 

firstly the expanded cells and then induce ripening. In the second part of the research, the 

focus was on developing a rapidly growing cell culture that can mimic differentiation of 

actual fruit. This mimicry capability would suggest cell culture compatibility permits use as 

an efficient tool to understand fruit development. Of course, this is based on the hypothesis 
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that the cell cultures will accurately mimic many of the processes involved with fruit 

development. In this chapter, the current knowledge on fruit development and the role of 

hormones, as well as successful cell differentiation in cell cultures, was discussed. 

 

1.2 Origin of apple fruit cultivars 

Apple (Malus x domestica Borkh.), also known as M. pumila (Janssen et al., 2008) belongs to 

the Rosaceae family (Faize et al., 2004; Velasco et al., 2010; Khan et al., 2014). Under the 

Malus genus, between 55 to 79 species have been identified. Each species can be further 

divided into different cultivars (Harris et al., 2002). Based on the heterozygous nature of the 

genes as well as self-incompatibility, more than 1000 apple cultivars have been developed 

through crossing (Chen et al., 2007; Khan et al., 2014). M. domestica is referred to as Malus 

spp that had undergone the domestication process, while M. sieversii is referred to as the 

Central Asian ‘wild apple’, with the ‘wild apple’ term also referring to all apple species other 

than the domesticated apple. For instance, the most common ‘wild apple’ in Europe is M. 

sylvestris Miller, while M. coronaria (L.) Miller is a common species in North America 

(Harris et al., 2002).  

Crab apples are ‘wild apples’ that originate from Central Asia. Crab apple fruits are 

small in size, measuring approximately 2 inches in diameter or less (Harada et al., 2005). If 

the fruit width is greater than 2 inches, it is defined as a domesticated apple (Harris et al., 

2002). Crab apple consists of several different cultivars that differ with respect to  several 

characteristics, including flower colour, height, fruit colour, and growth habits. They are also 

commonly seen present as ornamental plants, probably because of the appealing flower 

colours and abundance during the spring season. Although Crab apple used to possess a 

reputation for diseases and pest problems, most modern cultivars have better tolerance to 

most diseases and pests. The Crab apple cultivar used in this research is the European Crab 

apple (M. sylvestris), producing pink flower buds and yellow fruits (Harris et al., 2002). Since 

this cultivar does not undergo domestication, Crab apple is commonly used in fruit size 

studies to investigate genetic factors which contribute to final fruit size.             
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 ‘Gala’ apple family cultivars are known as striped apples based on their striped skin 

pattern. ‘Royal Gala’ is one strain of the ‘Gala’ family; it is distinguished from other ‘Gala’ 

family members by its higher degree of anthocyanin pigmentation that results in dark red 

colour striped fruits. They are produced through spontaneous mutations that happen under 

field conditions (McMeans et al., 1998). ‘Royal Gala’ fruits are medium in size, sweet in 

flavour, and produce pink coloured flowers, and as a cultivar, is one of those originated from 

New Zealand, other than ‘Red Delicious’ and ‘Braeburn’.  

Domestic apples of the Heirloom cv., including ‘Twenty Ounce’, as the name implies, 

is a large sized cultivar. Besides being known for its size, its mild flavour and firm texture 

have also made it commonly utilised for cooking and baking. ‘Twenty Ounce’ fruit colour is 

of a green and red mixture, and is originated from the United States.    

 

1.3 Fruit development 

1.3.1 Stages of fruit development 

Fruiting bodies of the Angiosperms range from a completely dry fruit, such as Arabidopsis, a 

species of Brassicaceae, to a fleshy fruit such as the tomato (Solanum lycopersicum). 

Angiosperm plants include small plants up to large trees, and are the source of many major 

crops (Seymour et al., 2008). Dry fruits can either be indehiscent (split down one side to 

release their seeds) or non-dehiscent. Fleshy fruits can be classified into two categories: either 

true fruits (fruits derived from the carpel where the ovary wall expands into flesh) or false 

fruits (fruits derived from carpel and accessory structures) (Seymour et al., 2008). True fruits 

consist of a pericarp, which is obtained from the ovary wall, and seeds, which are derived 

from the fertilised ovules (Cheniclet et al., 2005; Janssen et al., 2008). Arabidopsis produces 

true fruits which develop from a gynoecium, consisting of two carpels that share a fused 

tissue called a septum (Gu et al., 1998), while tomato produces fleshy true fruits. Apple is a 

fleshy accessory fruit (false fruit). It is comprised of two distinct parts; an expanded ovary 

that develops as the “core” of the fruit, and a cortex, the edible part of the fruit, which 

develops from the fused base of the stamens, petals, and sepals called the hypanthium 

(Janssen et al., 2008). In Arabidopsis, growth of the embryo, the ovules and gynoecium 
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involve cell differentiation and must be carefully coordinated during fruit development to 

generate the final product, being the fruit (Gu et al., 1998). Most apple cultivars are not self-

fruitful, meaning that they cannot produce a consistent yield without being fertilised by 

pollen from a different cv. (Bekey, 1981). After flowering and pollination, apple fruit 

development takes place over 20-21 weeks involving stages of fruit setting, cell division, cell 

expansion, maturation, and ripening which will lead to a crisp fruit with a waxy cuticle 

(Janssen et al., 2008). Apple flowers are produced in clusters consisting of five to six flowers; 

the primary flower, also known as “king flower”, will normally open first and is capable of 

producing good quality fruit (Figure 1.1). However, the lateral flowers, which open later, can 

also produce good quality fruits. Apple trees are considered to reach full bloom after 50% of 

the king flowers on the tree are open (Bekey, 1981).  

 

Figure 1.1. The positions of flowers in the cluster. King flower was positioned at the top of 

the cluster while at the lower positions were the lateral flowers. 

 

Fruit development involves fruit set, cell division, cell expansion, and ripening. In 

accessory fruits, like apples, fruit set is the initiation phase of fruit development, 

encompassing development of the ovaries and its accessory organs into a rapidly growing 

young fruit. This happens during and soon after fertilisation has been completed (McAtee et 

al., 2013). If fertilisation does not happen, the fruit will be abscised or be small, resulting in 

very few or no seeds (Bekey, 1981). A successful fertilisation process is influenced by 

several factors, including adequate pollination, nutrition, and optimum temperature (Bekey, 

1981). Fruit produced without fertilisation could be an advantage for improvement of many 

crops as seedless fruits are easy to consume. Therefore, tomato mutants that exhibit 

parthenocarpic (seedless) fruit growth in the absence of fertilisation have been extensively 

studied (de Jong et al., 2009a). 

King 

flower 

Lateral 

flower 
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For fruit set to take place, pollination and fertilisation must be accomplished or the 

flowers will be abscised (Vivian-Smith et al., 2001; McAtee et al., 2013). Pollination is the 

crucial starting point in fruit development as it is required for fertilisation. During fruit set, 

rapid cell division occurs and then stops when the fruit reaches its mature size (Gillaspy et al., 

1993; de Jong et al., 2011). Levels of plant hormones, such as auxins, CKs (CKs), and 

gibberellic acids (GAs), increase to promote fruit set (McAtee et al., 2013). In tomato, after 

successful fertilisation, ovary development into a fruit starts with cell division until roughly 

10-14 days, and during the following six to seven weeks, the fruit grows by cell expansion 

(de Jong et al., 2009a). During cell division, which starts during fruit setting and continues 

until three to four weeks after pollination, the concentrations of auxin, CK and GA increase 

to stimulate and support the process (de Jong et al., 2009a; Mariotti et al., 2011; 

Devoghalaere et al., 2012).  

Cell division ceases to allow cell expansion to then take place. Auxin, gibberellin 

(GA), brassinosteroid (BR) and abscisic acid (ABA) levels rise during cell expansion 

(McAtee et al., 2013), which continues until the end of ripening, reaches its peak at 40-60 

days after anthesis and becomes constant during ripening (Janssen et al., 2008). Fruit ripening 

is a developmental process involving physiological and metabolic changes of colour, texture, 

aroma, and nutritional status (Schaffer et al., 2007). These changes are helpful in promoting 

seed dispersal by making it attractive to birds and animals. With the onset of ripening, auxin 

stimulates ethylene production until reaching its optimum concentration, but it can also delay 

ripening (Giovannoni, 2007; Karlova et al., 2014). ABA and ethylene are produced during 

ripening to regulate ripening (Giovannoni, 2007).   

1.3.2 Cell differentiation  

At the cellular level, fruit cells undergo a differentiation process in order to change into 

mature cells. The term differentiation is sometimes used in two different manners: 1) it may 

be used to describe the development of different specialized types of mature cells within an 

organ or tissue; 2) it can refer to the changes that occur during the development of a 

meristematic cell into a mature cell, which usually involves cell division and cell expansion 

(Anastasiou & Lenhard, 2007). For the purposes of this study, cell differentiation was defined 

as changes of undifferentiated meristematic cells into differentiated cells that divide, expand, 
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and ripen. The early phase of apple fruit development involves rapid cell division where the 

cell number is greatly amplified prior to exit from cell division at approximately 24 days after 

full bloom (DAFB) (Malladi & Johnson, 2011). Final fruit size is determined by the extent of 

cell division and cell expansion during growth and development. Therefore, understanding 

cell cycle regulation and cell expansion is important to the study of fruit development in 

plants (Malladi & Hirst, 2010).  

The typical eukaryotic cell cycle is divided into four phases - the G1 phase (Gap 1), 

the DNA S phase (Synthesis), the G2 phase (Gap 2), and finally mitosis (M) (Wolters & 

Jürgens, 2009). In general, during Gap1 phase, cells grow and later enter into S phase where 

DNA content is duplicated before proceeding to Gap2 phase. The cells proceed into M phase, 

where sister chromatids separate and distribute into newly formed daughter cells. The cells 

then undergo cytokinesis in order to separate completely from each other by forming a 

plasma membrane and, in some species, a cell wall (Inzé & De Veylder, 2006; Perrot-

Rechenmann, 2010). Even though cytokinesis happens following mitosis, it is not strictly a 

part of the cell cycle process. Progression of the cells into each phase is controlled by specific 

checkpoints. Checkpoints are located at S phase entry (G1 to S phase), mitosis phase entry 

(G2 to M phase), and the spindle checkpoint (progression to anaphase) (Harashima et al., 

2013). Cell progression at each checkpoint is driven by a large family of serine/threonine 

protein kinases: the cyclin-dependent kinases (CDKs), an activating subunit, the cyclins, and 

CDK inhibitors (Magyar et al., 1997; Malladi & Johnson, 2011) (Figure 1.2).  

Cyclins are the key regulators in the cell cycle where almost all CDKs require binding 

a cyclin to be functional (Kitsios & Doonan, 2011), acting as an activator while the active site 

of the kinase complex interfaces with the CDK component. CDKs are responsible for the 

recognition of its target binding motif present in the substrate protein (a serine or threonine 

followed by a proline) while exchangeable cyclins facilitate selecting the right protein 

substrate (Inzé & De Veylder, 2006). Therefore, CDKs associate with their specific cyclin 

partners to regulate the overall progression of the cell cycle (Malladi & Johnson, 2011). The 

kinase activity of the CDKs depend on the phosphorylation or dephosphorylation of the 

kinase itself, on the presence of regulatory factors or the absence of inhibitors, and on the 

availability of binding cyclins (Lees, 1995; Joubès et al., 1999). Different groups of cyclins 

control particular checkpoints; A-type cyclins facilitate S and/or G2/M phase progression, B-
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type cyclins regulate progression of cells through the G2/M phase, and D-type cyclins govern 

S phase progression (Segers et al., 1996; Inzé & De Veylder, 2006).  

 

Figure 1.2. Schematic view of phases of the cell cycle, mitosis (M), post-mitotic interphase 

(G1), DNA synthesis (S), and the post-synthetic interphase (G2). G2/M transition is regulated 

by Cdk 1 complexed with Cyclin B. S/G2 transition is regulated by Cdk 2 complexed with 

Cyclin A while Cdk 2 complexed with Cyclin E regulates S/G1 transition. G1 kinases are 

Cdk 4-6 complexed with Cyclin D. 

 

Since the importance of CDKs in regulating the cell cycle was uncovered many years 

ago much research has been conducted on both plants and animals to investigate them. Tréhin 

et al. (1998) reported that roscovitine, a CDK inhibitor, blocks the cell cycle prior to entry 

into the S and M phase in cultured Petunia hybrida protoplasts, demonstrating that CDK 

activity is required in order to complete the G1 and G2 phases. In Arabidopsis, there are 

seven classes of CDKs, named CDKA to CDKF, based on their cyclin-binding motif. A-type 

CDKs are expressed during the cell cycle (Boudolf et al., 2009). The CDKB family is unique 

to plants and is involved in managing G2/M phase progression (Menges et al., 2005; Malladi 

& Johnson, 2011).  

Once cell proliferation has ceased, cells generally undergo an expansion process that 

results in water uptake into the central vacuole (Anastasiou & Lenhard, 2007). Plant cells are 

large, pressurised, and have a large central vacuole that allows accumulation of water and 

solutes, along with a strong cell wall (Cosgrove, 2000b). The cell wall is made up of a 

mixture of of carbohydrates and a small amount of proteins, making it rigid yet extensible (Li 
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et al., 2003b). During cell division, cells are divided from one cell into two cells while cell 

expansion occurs because of the expanded vacuole, ensuing in volume growth beyond the 

size of the mother cell before mitosis (Verbelen & Vissenberg, 2007). Water uptake and cell 

turgor are the main factors behind the expansion process. Though the cell size increased, it 

was generally assumed that little to no increase in cytoplasmic mass occur (Sablowski & 

Dornelas, 2014). Rather, it is the vacuole that grows considerably in volume and the cell wall 

become thinner as it is stretched and new cell wall material is added to maintain wall 

thickness. To allow the cell wall to grow, transcripts encoding wall-loosening enzymes, such 

as polygalacturonase (PG), are up-regulated and newly deposited cell wall materials are 

hydrated resulting in relaxation and extensive thinning of the wall (Wolf et al., 2012). Other 

classes of cell wall-modifying enzymes/proteins are also involved in this process, such as 

pectin methylesterase (PME), β-galactosidase (β-gal), endo-1,4-β-glucanase (EGAe), 

xyloglucan endotransglucosylase/hydrolase (XTH), and expansins (Rugkong et al., 2011). 

These enzymes also interact synergistically by promoting ripening through disassembling the 

pectin of the cell wall that results in fruit softening. The secondary wall is deposited after 

expansion has ceased, becoming impermeable and providing strength to cells and tissues 

(Church, 1993).  

 

1.4 Role of hormones and their signalling pathways 

Plant hormones play various roles during fruit development. Hormones are low molecular 

weight substances that act at micromolar concentrations to regulate growth (Rodriguez-Gacio 

Mdel et al., 2009). Many studies have investigated the function of hormones during plant 

growth development, particularly those affecting in fruit set, fruit size, and ripening (Setha et 

al., 2004; Olimpieri et al., 2007; Schaffer et al., 2007; Serrani et al., 2007; Zhang, 2007; 

Vriezen et al., 2008; de Jong et al., 2009a, 2009b; Tacken et al., 2010; Atkinson et al., 2011; 

Zaharah et al., 2012; Chai et al., 2013; Devoghalaere et al., 2012; Setha, 2012; Böttcher et al., 

2013; Ireland et al., 2014). Hormones are also involved in signalling pathways during 

response to biotic and abiotic stresses, such as diseases, pests, and temperature. Botanists 

recognise six groups of major hormones: auxins, GA, CKs (CK), ABA, BR, and ethylene 

(Davies, 2010). Plant hormones that are synthesised by the plant are called endogenous 
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hormones, whereas exogenous hormones are synthetic substances that mimic endogenous 

hormones. A number of plant hormones are synthesised by cells for their own functioning 

and others are synthesised by the organs and transported to other parts of the plant for a 

specific action (Davies, 2010). As plant hormones are important for fruit development, the 

next section will provide an overview of the signalling pathways.  

1.4.1. Auxin 

Auxins feature prominently during the entire life span of a plant. Auxin is a Greek word 

derived from auxein, which means “to increase”. The typical role of auxin is to stimulate cell 

expansion, but it also influences cell division and a wide range of growth and development 

responses (Naqvi, 2001). At the cellular level, it acts on both cell division and cell expansion. 

Regulation of auxin concentration (homeostasis) is very important for its action and results as 

different auxin levels will be perceived by the cells and activation of the appropriate 

signalling pathways will follow. The natural auxin found in plants is indole-3-acetic acid 

(IAA) (Gray et al., 2001). During auxin signalling, auxin-specific responses are regulated by 

the transcription of auxin-responsive genes, divided into three groups: Gretchen hagen3 

(GH3), auxin/indol-3-acetic acid (Aux/IAA), and small auxin-up RNA (SAUR) (Abel & 

Theologis, 1996; Guilfoyle, 1999; Hagen & Guilfoyle, 2002; Yang et al., 2015). There are 

two major pathways involved in the auxin response - proteasome-dependent signalling and 

proteasome-independent signalling (summarised in Figure 1.3).  

The proteasome-dependent signalling pathway involves the degradation of Aux/IAA 

proteins via the 26S proteasome. Aux/IAA proteins are proteins repressing the activity of 

auxin response factors (ARF), transcription factors that bind to the promoters of auxin-

regulated genes. In that pathway, an F-box protein called transport inhibitor response 1 

(TIR1) binds to IAA, leading to the degradation of Aux/IAA transcriptional repressors to 

allow ARFs to control the transcription process of auxin-related genes (Gray et al., 2001; 

Doonan & Sablowski, 2010). TIR1 is a nuclear receptor for auxin and part of a multi-gene 

family, including the auxin F-box receptor (AFBs). TIR1/AFBs are F-box proteins that form 

the ubiquitin-protein ligase complex, known as the SCF
TIR1 

complex (Skp, Cullin, F-box 

containing complex), where the F-box forms complexes with ASK1, CUL1, and RBX.  
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When concentrations of auxin are high, IAA molecules diffuse into the cytoplasm 

through the plasma membrane and bind with TIR1/AFBs proteins, forming a co-receptor 

complex with the negative regulators, Aux/IAAs (Ljung, 2013). Once this happens, Aux/IAA 

is ubiquitinated (tagged) and degraded, thereby freeing ARFs to activate or repress 

transcription of auxin-regulated genes. In contrast, at low concentrations of auxins, Aux/IAA 

binds with the co-repressor protein, TOPLESS (TPL), which then binds at the ARF sites to 

block or repress protein transcription (Szemenyei et al., 2008; Causier et al., 2012). The 

second auxin signalling pathway, termed proteasome independent, is an alternative way for 

auxin to respond through acting at the plasma membrane. It involves the auxin-binding 

protein 1 (ABP 1), an auxin receptor located in the endoplasmic reticulum (ER) and at the 

plasma membrane. Numerous studies have shown that ABP1 is an essential protein for plant 

development and is important for cell division and cell expansion, indicating its importance 

in the wall loosening, cell division, and cell expansion processes (Ljung, 2013). ABP1 binds 

the auxin molecule and transports it into cytoplasm of the cells. Auxin may then control the 

cell cycle protein cyclin-dependent kinase (CDK), crucially linked to the progression of the 

cell cycle (Himanen et al., 2002; David et al., 2007). While TIR1 seems mostly involved in 

the control of auxin-dependent gene transcription, the hypothesis is that ABP1 is involved in 

quicker responses at the plasma membrane, such as modification of ion fuses and control of 

endocytosis of PIN1 (an auxin transporter) (Sauer & Kleine-Vehn, 2011; Löfke et al., 2013).  
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Figure 1.3. Auxin signaling pathway shows both proteasome-dependent and proteasome-

independent auxin pathway. In proteasome-dependent pathway, IAA molecule binds to its 

receptor, the Transport Inhibitor Response 1/Auxin-Signaling F-Box protein (TIR1/AFBs) 

(This F-box protein forms a part of the SCF
TIR1

 complex which consists of four subunits 

which are TIR1/AFB, ASK1, CUL1, and RBX) and to the Aux/IAA proteins. This complex 

function is also regulated by an additional protein, RUB. When IAA levels are high, it binds 

to TIR1/AFBs complex and Aux/IAA proteins were ubiquinated (tagged) to be degraded by 

26S proteasome which release Auxin Responsive Factors (ARFs) resulting in the 

transcriptional of auxin responsive genes. When IAA levels are low, Aux/IAA and TOPLESS 

(TPL) proteins form heterodimer with ARFs to repress gene transcription. Another auxin 

responsive pathway is through proteasome-independent pathway. Auxin Binding Protein 1 

(ABP1) which located at the endoplasmic reticulum (ER) or at the plasma membrane acts as 

IAA receptor to mediate cell wall loosening during cell expansion (Ljung, 2013). 
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1.4.2. Auxin-CK crosstalk 

CK is well understood to have the ability to promote cell division in tobacco tissue culture 

(Miller et al., 1955) and was actually named for its role in this process (cytokinesis). Plants 

respond to CK via its signalling pathway. In Arabidopsis, three histidine kinases (HIS 

KINASES), termed AHK2, AHK3, and AHK4/Woodenleg 1 (WOL1)/Cytokinin response 1 

(CRE1), act as transmembrane CK receptors (Milhinhos & Miguel, 2013). They act by 

transferring the signal to the nucleus, activating two classes of primary Arabidopsis response 

regulators (ARRs), type A and type B. Type B ARRs function as transcription factors and 

induce transcription of CK response genes, including type A ARRs that trigger downstream 

cellular changes as well as negatively regulating CK signalling in a feedback loop 

(Moubayidin et al., 2009). 

Auxin and CK are known to act either antagonistically or synergistically during plant 

development, particularly in regulating cell division and cell expansion (Figure 1.4). 

Recently, researchers have begun to understand the molecular mechanisms by which these 

two hormones interact in regulating plant development. In the presence of auxin, type A 

ARRs are activated, which then causes CK signalling to be repressed or turned off and auxin 

signalling activated (Figure 1.4) (Milhinhos & Miguel, 2013). Muller & Sheen (2008) have 

demonstrated that CK and auxin antagonistically function in regulating root stem 

development by activating type A ARR genes, ARR7 and ARR15.  

Furthermore, loss of function of these negative regulators of CK signalling causes 

inactivation of auxin signalling, resulting in a defective root stem cell system (Ioio et al., 

2008). Another type of CK response transcription factor, type B ARR, an example being 

ARR1, negatively regulates PIN auxin transport through the activation of an auxin-signalling 

repressor gene, SHY2/IAA3. Conversely, auxin initiates cell division and sustains PIN 

activities by degrading SHY2 protein (Ioio et al., 2008). SHY2 gene expression has also been 

reported to be driven by ARR12 in meristem growth (Moubayidin et al., 2009). Activation of 

ARR1 was also observed to activate transcription of ARR6 protein, another type B ARR 

which responds to CK (Sakai et al., 2001). In roots, shorter root growth has been 

demonstrated with expression of 35S:ARR1 in the absence of CK (Sakai et al., 2001).  
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Figure 1.4. The auxin and CK signaling interaction. Arabidopsis Histidine Kinases (AHKs) 

act as cytokinins (red molecules) receptors, which act as a histidine kinase. The phosphoryl 

group (P) on the His of the receptor is transferred to ARABIDOPSIS HIS 

PHOSPHOTRANSFER PROTEIN (AHP) in the cytoplasm (yellow arrows indicate the 

phosphotransfer) which then transfer the phosphoryl group to the type-A or type-B ARR 

(ARABIDOPSIS RESPONSE REGULATORS) cytokinin primary response gene. The type-

B ARRs activate the transcription of the cytokinin-regulated genes, including the type-A 

ARRs (cytokinin response ON). Type-A ARRs suppress cytokinin signalling through as yet 

unknown mechanisms (cytokinin response OFF). Apart from freely diffuse across the plasma 

membrane, auxin (blue molecules) can also actively taken up from the apoplast by the action 

of influx transporters AUX/LAX (AUXIN-RESISTANT MUTATION 1/LIKE AUX1) and 

actively transported out of the cell by auxin efflux carriers, the PIN proteins which direction 

(solid blue arrows) is depending on the PIN subcellular asymmetric localization. When auxin 

concentration is low, the Aux/IAA protein heterodimerise with the ARF (AUXIN 

RESPONSE FACTOR) transcription factors, repressing the transcription of the auxin-

response genes (auxin response OFF). When auxin concentration is high, auxin binds to the 

TIR1 (TRANSPORT INHIBITOR RESPONSE 1) receptor, stimulating the interaction of the 

Aux/IAAs proteins with the SCF
TIR1

 ubiquitin-ligase complex (SKP1, CDC53/ CULLIN, F-

box) to promote their degradation by the 26S proteasome resulting in the release of ARFs, 

inducing the expression of auxin-responsive genes (auxin response ON) (Moubayidin et al., 

2009).  
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Muraro et al. (2013) used multi-cellular mathematical models to study the interactions 

between auxin and CK in influencing the size and location of regions of division and 

differentiation within the primary root. They showed that overexpression of auxin signalling 

genes reduce total length of the root by diminishing the expansion zone of the root and, in 

contrast, increasing the length of the division zone. Other than crosstalk between auxin and 

CK in regulating PIN activities in Arabidopsis, GAs have also been suggested to have a role 

in supporting cell division through their involvement in PIN activities (Milhinhos & Miguel, 

2013). In GA deficient plants, the auxin efflux facilitator protein was observed to be 

decreased resulting in less auxin transport. However, the defect was abated in wild type 

plants with GA treatment (Willige et al., 2011).  

1.4.3. Gibberellins 

At least 136 naturally occurring GAs have been identified, however, only a few of these are 

biologically active (Olszewski et al., 2002). There are two fundamentally different forms of 

GA based on the number of carbon atoms; one with 19 and one with 20 carbon atoms, and 

they are divided into three different types - GA1, GA2, and GA3 (Taiz, 2010). GA3 is identical 

to gibberellic acid and so GA3 is also referred to as gibberellic acid. The molecular 

characterisation of GA response has led to the finding of gibberellin insensitive dwarf 1 

(GID1) and DELLA proteins, key components of the GA-GID1-DELLA mechanism that 

enables plants to react to GA (Harberd et al., 2009). DELLA protein acts as repressor of GAs 

signalling pathway by acting downstream GID1 receptor (Milhinhos & Miguel, 2013). 

Gibberellin insensitive dwarf1 (GID1), the GA receptor, is located in the nucleus and has a 

high affinity to GA. GA binding to GID1 will result in conformational changes that enable 

GID1 to interact with DELLA proteins, which belong to the GRAS (GA-insensitive (GAI), 

Repressor of ga1-3 (RGA) and Scarecrow (SCR)) family (Taiz, 2010). They are regulatory 

domain proteins of GA transcriptional regulator genes and function as repressors of growth 

that cause dwarfism in a plant because of the expression of GAI (Taiz, 2010).  

The GA-GID1-DELLA interaction permits binding to a SCF complex, resulting in 

polyubiquitination and subsequently the degradation of DELLA proteins by the proteasome 

and release of GA repression (Hedden, 2008; Shimada et al., 2008; Csukasi et al., 2011). GAs 
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have also been shown to interact with auxin pathways. Auxin can induce the transcription of 

various GA biosynthesis genes (Frigerio et al., 2006). The disruption of auxin signalling leads 

to stabilisation of DELLA proteins and reduces root growth (Fu & Harberd, 2003). A 

reduction in GA biosynthesis will also reduce auxin levels because of a reduction in auxin 

transport (Frigerio et al., 2006).  

1.4.4. Abscisic acid 

Like other hormones, ABA functions through a complex network of signalling pathways and 

involves further downstream signalling cascades which then induce the physiological effect 

on the plant (Rodriguez-Gacio Mdel et al., 2009). It plays important roles in seed and bud 

dormancy and in plant stress responses, particularly water stress, by controlling stomatal 

closure in order to restrict transpiration levels in the leaves (Davies, 2010). ABA was 

originally discovered through the study of an abscission-causing factor implicated in leaf 

senescence and organ abscission (Davies, 2010).  

ABA was proved to stimulate abscission in only a few plant species, however, as the 

major hormone causing abscission is ethylene (Fedoroff, 2002; Rodriguez-Gacio Mdel et al., 

2009). In fleshy fruits, ABA is documented to involve in fruit maturation process by 

promoting fruit softening, sugar accumulation, and starch hydrolysis (Setha et al., 2005). 

Hormone concentrations among fruits are varies. ABA concentrations in climacteric fruits 

like apples is high during maturation stage until end of ripening, while in non-climacteric 

fruits like sweet cherries, the hormone concentrations increase before maturation stage and 

decrease towards end of ripening (Setha et al., 2005). The ABA signalling pathway is 

cooperatively induced by other hormones particularly ethylene. During fruit ripening, 

exogenous application of ABA is reported to induce ripening through an increase of ethylene 

biosynthesis (McAtee et al., 2013). In dry fruits such as Arabidopsis, ABA is reported to 

involve in floral organ abscission with collaboration of ethylene by modulating cell wall 

hydrolysis process (Kumar et al., 2014). 

Studies of ABA action in plant signalling have been much focused. Loss of the 

transcription factors of ABA insensitive (ABI) ABI3, ABI4, and ABI5 confers an ABA-

insensitive phenotype (Reeves et al., 2011). Analysis of the abi3, abi4, and abi5 mutant 
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alleles has yielded valuable information on ABA signalling and ABA-regulated gene 

expression. For one, these mutations interfere with the ABA response as the three 

transcription factors are expressed during embryogenesis and are important for embryo 

and/or seed dormancy (Koornneef et al., 2002; Finkelstein et al., 2008). ABA stimulates the 

ABI5 transcription factor promoter and can be inhibited by expression of the abi1-1 mutant 

gene (Finkelstein et al., 2005). In the ABA signalling pathway, the ABA route for signal 

transduction is via the mitogen-activated protein kinase (MAPK) cascade that transmits input 

signals from a variety of stimuli to a variety of substrates. MAPK cascades consist of an 

arrangement of three consecutive protein kinases which activate the next enzyme via 

phosphorylation (Dugardeyn & Straeten, 2008). They are, in reverse order, a MAPK, a 

MAPK kinase (MAPKK), and a MAPKK kinase (MAPKKK). Analysis has shown that their 

main function is to convert the input stimulus into different types of responses, including the 

response to pathogens, abiotic stressors such as wounding, salt, drought, and cold (Kitsios & 

Doonan, 2011). In Arabidopsis, treatment with ABA activates two MAPKs, AtMAPK3 and 

AtMAPK6 that both receive signals from MAPKKKs (Fedoroff, 2002).  

ABA has an antagonistic effect on ethylene, auxin, CK, GA, and BR. In most plants, 

the peak of ABA declines when high concentrations of auxin and GA are present (McAtee et 

al., 2013). The MAPK cascade positively interacts with ethylene signalling (Dugardeyn & 

Straeten, 2008), In fact, ABA is known as a growth inhibitor hormone while auxin, CK, and 

GA are known as growth-inducing substances (Kojima et al., 1993). Although ABA mostly 

functions in growth inhibition, it is also connected to shoot and root growth promotion in 

well-watered plants by suppressing ethylene production (Saab et al., 1990; Spollen et al., 

2000). However, the opposite effect is seen in low-watered or stressed plants (Spollen et al., 

2000). In contrast to the ABA-ethylene antagonistic effect, ABA stimulates ethylene 

production indirectly during leaf senescence (Gan & Amasino, 1997; Wilkinson & Davies, 

2010). Likewise, in contrast to ABA, GA-treated grapes showed inhibition of natural 

abscission (Taiz, 2010). 

1.4.5 Brassinosteroids 

BRs are unique plant steroids essential throughout plant development (Li & Nam, 2002). 

They were first found in Brassica napus pollen (Mitchell et al., 1970; Bajguz & Tretyn, 2003; 
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Hasan et al., 2011). Among BRs, brassinolide (BL) was the first identified (Grove et al., 

1979; Hasan et al., 2011). As with animal steroids, many BL-like compounds have been 

found throughout the plant kingdom, thus, steroid term is included in BR name (Clouse & 

Sasse, 1998; Chai et al., 2013). BR functions in promoting cell division, cell expansion, and 

facilitating germination by stimulating the growth of the embryo (Clouse, 2011). Plants 

defective in BR are dwarf-like, have delayed flowering, and senescence (Li & Nam, 2002). 

Studies of BR-response mutants in Arabidopsis led to the discovery of the BR signalling 

gene, BR insensitive 1 (BRI1), which encodes an important component of the BR receptor at 

the plasma membrane (Li & Nam, 2002).  

As BRs are important throughout the plant cycle, it is expected that they interact with 

other hormones. For instance, BR regulates auxin responses through the inactivation of auxin 

response factor 2 (ARF2) via the negative regulator (BRI2) (Vert et al., 2008). It also interacts 

synergistically with GA signalling in controlling cell expansion. The DELLA protein, GAI, a 

negative regulator of the GA pathway, inhibits brassinazole resistant 1 (BZR1), a 

transcription factor that modulates gene expression in response to BR by preventing it from 

binding to its promoter, thus preventing BR responsive genes from being transcribed. BR and 

GA cause similar defects in plants such as dwarfism, and synergistically induce cell 

expansion in Arabidopsis hypocotyls (Gallego-Bartolomé et al., 2012). The application of 

BRs to cucumber cultivar without parthenocarpic capacity has produced parthenocarpic fruits 

(Fu et al., 2008). This finding shows that BR is required to induce fruit set by stimulating 

parthenocarpic growth (Li et al., 2014), in addition to other fruit set-promoting hormones, 

including auxin, CK, GA, and ABA.   

 

1.5 Hormonal control during fruit development 

After fruit set, fruit undergo cell division and subsequently cell expansion stage. It is difficult 

to separate fruit set from subsequent stages of fruit development, though auxin and GA are 

indeed key in the sustained growth of fruit. Plant hormones such as CK and auxins are 

involved mostly in cell division and cell expansion during fruit development (Swarup et al., 

2002). These hormones have been well-documented in stimulating cell cycle activity 
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(McAtee et al., 2013). Auxin and GA co-regulate fruit set via auxin activation of GA 

synthesis (Kumar et al., 2014). Therefore, auxin and GA have been widely used to increase 

fruit set by inducing parthenocarpic growth in many crops (Fu et al., 2008). For example, GA 

or auxin treatments to tomatoes can lead to parthenocarpic fruit development (Gustafson, 

1937; Gustafson, 1960; Wittwer et al., 1957; Bünger-Kibler & Bangerth, 1982; Serrani et al., 

2007; de Jong et al., 2011). Silencing of SlARF7, an auxin negative regulator, caused 

production of parthenocarpic fruits as a result of the increasing of auxin and GA 

concentrations, indicating an interaction between these hormones in regulating fruit set (de 

Jong et al., 2009b; Kumar et al., 2014). Early studies showed that auxin concentrations 

increase during seed development and then GA concentrations increase in the ovaries during 

fruit set (Olimpieri et al., 2007; Jianhon et al., 2008; McAtee et al., 2013), and this is 

evidenced by the application of GA inhibitors to tomato which resulted in a decreased fruit 

set. High expression of GA-related genes in parthenocarpic fruit (pat) mutants (a recessive 

mutation conferring parthenocarpy in tomato) also supports that GA controls or influences 

tomato fruit set in parthenocarpic fruit (Olimpieri et al., 2007).  

In normal fruit development, successful pollination and fertilisation induces an 

increase in both auxin and GA concentrations within the ovary (Mapelli et al., 1978; Sjut & 

Bangerth, 1982; Koshioka et al., 1994; de Jong et al., 2009a). Japanese pears produced larger 

fruits as a result of hand pollination, indicating that an increased number of fertilised stigma 

leads to higher levels of GA being produced by the pollen, therefore enhancing cell division 

and development of larger fruit (Zhang, 2007). This suggests that GA is critical in pollination 

and fertilisation (Jianhon et al., 2008). Treatment of tomato ovaries with auxin causes the 

formation of fruits with a higher number of pericarp cells from cell division stimulation by 

auxin compared to GA-induced fruits that consist of fewer cell numbers but larger cells 

because of GA cell`s enlargement role during fruit growth (McAtee et al., 2013). Normal-

sized fruits undergo a balance cell division and cell expansion processes as a result of stable 

concentrations of both auxin and GA (Vriezen et al., 2008). In addition, GA is also involved 

in the growth of certain fruits without the help of auxin and the outcome are fruit sizes that 

are twice as large, as shown in a transgenic tomato (S. lycopersicum L.) with low levels of 

auxin response factor 7 (SlARF7) (de Jong et al., 2011). Commercially, GA is used to 

enhance fruit size and fruit cluster in parthenocarpic fruits by increasing carbohydrate import 
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to the fruits, as parthenocarpic fruits are normally smaller and in compact fruit clusters, such 

as grapes, citrus, and berries (Taiz, 2010). GA has also been used to overcome fruit set 

problems of apple and pear trees particularly during biennial bearing (a phenomenon where 

the high production of fruits one year suppresses flower production of the coming year, hence 

lower yield production) to promote flower production thereby increasing fruit set and yield 

(Taiz, 2010).  

Another important function of GA in fruit development is to stimulate organ growth 

(Hedden & Thomas, 2012). GA also features in germination, flowering, and fruit set in many 

plant species (Hedden & Kamiya, 1997; Olszweski et al., 2002; Serrani et al., 2007). GA 

concentrations during fruit development increase twice; once during early fruit growth in 

order to trigger cell division and a second time during cell expansion (Gillaspy et al., 1993). 

During early development, GA is produced by pollen to facilitate pollen tube growth and 

germination (de Jong et al., 2009a). As the pollen will transfer some GA into the ovary to 

trigger fruit growth (Gustafson, 1937; de Jong et al., 2009a), an elevated GA concentration in 

the ovaries following pollination (which later cause auxin levels to increase (Gillaspy et al., 

1993)) suggests that both are involved together in fruit set and growth of tomato (Serrani et 

al., 2007). Studies on GA during cell division have been reported in hypocotyls of cucumber 

and tomato (Asahina et al., 2002; Zhang, 2007). GA is also reported to induce and maintain 

cell expansion (Zhang, 2007; Gillaspy et al., 1993; Ozga & Reinecke, 2003) when auxin 

concentrations have decreased (Gillaspy et al, 1993). The function of GA in cell expansion is 

supported by the findings of larger cells in GA3-induced fruit (parthenocarpic) compared to 

seeded fruit even though the fruit size was smaller than the seeded (de Jong et al., 2009a). 

Application of 2,4-D and GA3 together results in same size and shape of cells of 

parthenocarpic fruit as seeded fruit (de Jong et al., 2009a). GA maintains cell expansion when 

it is used during the early stage of cell expansion in Japanese pears, resulting in larger fruits 

compared with untreated fruits (Hayashi & Tanabe, 1991; Zhang et al., 2005, 2007; Zhang, 

2007). Meanwhile, in tracheid element differentiation, application of GA3 in conjuction with 

auxin results in substantial tracheid expansion as GA causes the cell to expand while 

application of auxin only results in short tracheid growth (Kalev & Aloni, 1998). This shows 

that both auxin and GA play a coordinated role in controlling cell division and cell expansion, 
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probably based on a common response pathway. Early hypotheses speculated that GA may 

cause an increase in auxin biosynthesis or transport (Law & Hamilton, 1984). 

Meanwhile, the function of auxin during fruit set is demonstrated by its presence in 

pollen, its production in the stalk (style), and during fertilisation (de Jong et al., 2009a). Its 

role in tomato fruit set regulation has been described by De Jong et al. (2009b) through the 

loss-of-function of IAA9 and ARF7, resulting in parthenocarpic fruit growth. This suggests 

that auxin inhibits fruit growth until fertilisation takes place. IAA9 is a tomato Aux/IAA 

transcriptional regulator that is linked to plant responses to auxin through the expression of 

auxin responsive genes (Wang et al., 2005). The reduction of IAA9 concentrations in tomato 

plants elicits pleiotropic phenotypes, indicating that IAA9 acts as a transcriptional repressor of 

auxin signalling (Wang et al., 2005; de Jong et al., 2009b). In addition, another negative 

regulator of fruit set, ARF8, also had similar effects in Arabidopsis ARF8 mutants (Goetz et 

al., 2006), where ARF8 caused suppression in ovary growth through a repressive action of the 

Aux/IAA-ARF complex on auxin responsive genes (Pandolfini et al., 2007). 

Besides fruit set, auxin is also known for promoting cell division and cell expansion 

(Anastasiou & Lenhard, 2008). While CKs control cyclin activity during the transition phase 

between G1 to S during the cell cycle (which will be discussed further later), auxin’s 

involvement in the cell cycle occurs much earlier than that by acting as a permissive signal 

for cell division to start (David et al., 2007). However, this process is not yet fully understood 

(den Boer & Murray, 2000; Stals & Inzé, 2001; David et al., 2007). Much research has been 

carried out focusing on identifying auxins` role in regulating cell differentiation in plants. For 

example, an auxin gene, auxin response factor (ARF106), is expressed during cell division 

and cell expansion with apple fruit development (Devoghalaere et al., 2012). Since the gene 

was also co-localised with a fruit-size QTL, this suggests that auxin is involved in fruit 

growth control through cell differentiation (Dash & Malladi, 2012). Another example would 

be the auxin receptor, auxin binding protein (ABP1), which modulates ion fluxes in response 

to the hormone, and is proposed to mediate auxin-dependent cell expansion and is essential 

for cell division (David et al., 2007; Devoghalaere et al., 2012). Evidence has been made 

available in the form of applying antisense suppression of the ABP1 gene in tobacco BY-2 

cell cultures, resulting in slow proliferation, discarding auxin-induced cell expansion and 

reducing cell division (Chen et al., 2001). Moreover, a mutation in the ABP1 gene in 
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Arabidopsis causes a lethal effect to cells (David et al., 2007). Loss of function of ABP1 in 

Arabidopsis also resulted in lethal embryo as the result of cell expansion arrest, indicating 

auxin role, through the function of ABP1, in cell expansion stage during embryogenic 

development (Chen et al., 2001). 

Along with auxin and GA, CK and ABA are also believed to be involved in fruit set. 

However, the cross-talk between them during fruit development is only partly understood. 

ABA is also involved in long-term developmental plant growth processes. While auxins, 

CKs, and BR are involved in early development, ABA is mainly present in the later stage of 

development where cell maturation transpires. During pollination of tomato fruit, where 

auxin and GA are present, ABA concentrations decrease while those of CK increase (Kojima 

et al., 1994). ABA concentrations continue to decrease shortly after pollination (Kojima et al., 

1994), and validated by a decrease in the mRNA levels of ABA biosynthesis genes after 

pollination (Vriezen et al., 2008) and the diminution of ABA concentrations in tomato pistils 

after pollination (Kojima et al., 1993). However, higher concentrations of ABA were 

observed in pollinated fruits compared to that in parthenocarpic fruits (Srivastava & Handa, 

2005). Despite being suppressed during and shortly after pollination in tomato fruit, ABA 

levels rose afterwards to support fruit set where they were detected about 5 days after 

pollination, enhanced in seed and pericarp until 30-50 days after pollination, with 

concentrations also increasing during cell expansion (Mariotti et al., 2011). In rice (Oryza 

sativa) grains, low concentrations of ABA are seen in actively dividing endosperm cells 

(Yang et al., 2003), indicating its antagonistic effect in cell division. This is supported by 

higher ABA concentrations in less-dividing of small fruit Japanese pear ‘Shinkou’ compared 

to large Japanese pear cultivar ‘Atago’ during early fruit development (Zhang, 2007). In 

tomato, ABA shows a broad peak during cell expansion and cell maturation, showing ABA is 

involved in the cell expansion phase and reaches peak levels during the cell maturation phase 

(Gillaspy et al., 1993). ABA association in cell expansion has been determined by the 

reduction of fruit size in ABA-deficient mutants (Nitsch et al., 2012). However, ABA`s exact 

role in fruit development is not yet known. 

Auxin role in regulating cell division by stimulating cell cycle progression has been 

discussed earlier. As for CKs, reducing CKs concentrations by overexpression of an 

inactivating enzyme (Werner et al., 2001; Werner et al., 2003) and insensitivity to the 



Chapter 1: General Introduction 

22 

 

hormone cause dwarfism because of reduced cell numbers in Arabidopsis (Riefler et al., 

2006). CK role in cell expansion was reported in Arabidopsis leaf expansion which resulted 

from cell expansion (Letham, 1974). A point to note, CK function in cell division and cell 

expansion might require auxin. For example, in Zinnia elegans cell cultures, combination of 

auxin and CK was required to induce cell division and cell differentiation (Church, 1993; 

Fukuda, 2004). Even though CKs are generally considered vital in the stimulation of cell 

division during fruit development (Srivastava & Handa, 2005), very little experimental data 

supports their involvement in the initial cell division phase of fruit growth (Mariotti et al., 

2011). However, it is known that cyclin D activity in plants is influenced by hormones and 

carbohydrate levels (Gutiérrez et al., 2005). In tobacco, it has been shown that overexpression 

of the cell cycle stimulator CyclinD2 accelerated plant growth (Cockcroft et al., 2000). Riou-

Khamlichi et al. (1999) concluded that cell division can be induced and maintained in the 

absence of exogenous CK in transgenic plants over-expressing CycD3 (CDK4 to CDK6). 

Specifically, with overexpression of CycD3, calli may be cultured without the presence of 

CK (Anastasiou & Lenhard, 2008). This is further underscored by the transcription of CycD3 

in Arabidopsis suspension culture after it is added with CK and sucrose while expression of 

cyclin D2 and D4 were induced in the presence of sucrose only (Gutiérrez et al., 2005). 

Overexpressing CycD3 also reduces endoreduplication (Schnittger et al., 2002; Dewitte et al., 

2003) while loss of CycD3 function induces endoreduplication in Arabidopsis (Dewitte et al., 

2007; Malladi & Hirst, 2010).  

BRs play an important role in early fruit development by promoting cell division, cell 

expansion in the stem, inhibiting root growth, promote xylem differentiation, ripening, and 

abscission (Mandava, 1988; Clouse, 2002; Nemhauser et al., 2004; Hasan et al., 2011) such 

as in tomato (Vidya & Rao, 2002; Lisso et al., 2006), grape berry (Symons et al., 2006), and 

cucumber (Fu et al., 2008; Chai et al., 2013). In tomato fruit, treatment with BR restores the 

dry mass content, sugar, and amino acid levels in dwarf tomato mutants, showing that BR is 

required for tomato fruit development (Chai et al., 2013; Lisso et al., 2006). In cucumber, the 

application of exogenous BR to a cultivar without parthenocarpic capacity induces 

parthenocarpic growth and increases cell division via cell cycle-related gene expression (Fu 

et al., 2008). In contrast, application of a BR biosynthesis inhibitor (brassinazole (Brz)) to a 
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cucumber cultivar with parthenocarpic growth blocks fruit set, whereas this inhibitory effect 

was subsequently reversed by applying exogenous BR (Fu et al., 2008).  

1.5.1 Fruit ripening, ethylene biosynthesis, and other related hormones 

In general, there are two types of fruits based on the rate of respiration. Non-climacteric fruits 

do not increase ethylene production when they ripen (Zaharah et al., 2012). Climacteric fruits 

require synthesis, perception, and signal transduction of the plant hormone ethylene in order 

to fully ripen (Barry & Giovannoni, 2007). In climacteric fruits, when ethylene is detected, 

they undergo autocatalytic ethylene biosynthesis and increased cell respiration, denoted by 

increased CO2 production, which leads to fruit ripening (Zaharah et al., 2012). Non-

climacteric fruit, such as strawberries, grapes and citrus, require ethylene for certain ripening 

processes, such as skin de-greening, and do not undergo the autocatalytic response observed 

in climacteric fruit (Barry & Giovannoni, 2007).  

The inability of transgenic tomato plants to ripen where ethylene biosynthesis has 

been disrupted shows that the autocatalytic burst of ethylene biosynthesis is essential for 

climacteric fruit ripening (Min-Wong et al., 1991). Nevertheless, the distinction between 

climacteric and non-climacteric is not clearly delimited; closely related species of melon can 

be either climacteric, such as the cantaloupes, or non-climacteric like the ‘honey dew’ melon 

(Barry & Giovannoni, 2007). Climacteric fruit spans an evolutionarily wide range of 

angiosperm taxa, from eudicotyledons, such as tomato and apple, to monocotyledons like the 

banana (Giovannoni, 2004). Climacteric fruits are advantageous from an economic 

perspective as they are able to continue ripening even when removed from the plant 

(Watkins, 2002). This allows the fruit to be harvested and transported before they are fully 

ripe, resulting in reduced loss through fruit spoilage in transit (Watkins, 2002). Many non-

climacteric fruit lack this ability and must ripen on the plant (Watkins, 2002). 

In the ethylene biosynthetic pathway, L-methionine is the main precursor which is 

then transformed into ethylene by the enzymes 1-aminocyclopropane-1-carboxylate (ACC) 

synthase (ACS) and ACC oxidase (ACO). ACS and ACO are encoded by multigene families 

in various plant species (Atkinson et al., 2011). In addition, ethylene production can be 

brought about by using propylene with climacteric fruit (but not in non-climacteric type 
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fruit). In apple fruit, the level of ACS and ACO transcripts increase at the onset of ripening 

after treatment with ethylene (Ireland et al., 2014). However, these genes are not expressed in 

non-climacteric fruits as these fruits produce ethylene in very low concentrations (Trainotti et 

al., 2005). Nevertheless, ethylene production is induced in non-climacteric fruits by various 

external stimuli, such as physical wounding, auxin treatments, chilling injury, drought, water 

logging, and pathogen infections (Yamane et al., 2007). These observations show that non-

climacteric fruits have the capability to produce ethylene but are not able to produce ripening-

associated ethylene (Yang & Hoffman, 1984; Theologis, 1992; Yamane et al., 2007).  

A number of investigations have been carried out on the ripening process at both the 

biochemical and genetic levels in many fruits, with tomato being the classical model of 

choice for fleshy fruit ripening (Barry & Giovannoni, 2007; Giovannoni, 2004). As tomato 

ripens, it undergoes a colour change from green to red through the transformation of 

chloroplasts to chromoplasts (Alexander & Grierson, 2002). Then, the fruit softens and its 

texture changes as the fruit cell wall is modified and partially disassembled by enzymes 

(Alexander & Grierson, 2002). Alteration of specific volatiles concentrations and the sugar-

acid balance will lead to the development of flavours associated with a ripened tomato 

(Alexander & Grierson, 2002). Similar changes occur during ethylene-induced ripening in 

apples and a number of other fruits (Alexander & Grierson, 2002). When fruits ripen, cellular 

turgor pressure is decreased, the cell wall is dissembled, and cell adhesion is reduced, 

resulting in fruit softening; a process which is facilitated by many classes of cell wall-

modifying enzymes such as PG, PME, β-gal, XTH, and expansin (Rugkong et al., 2011; 

Ireland et al., 2014). 

ABA concentrations are very low in unripe fruit but increase when the fruit ripens 

(Setha, 2012). This happens in both climacteric fruits, such as mango (Zaharah et al., 2012), 

pear, avocado, and apple (Setha et al., 2005), and non-climacteric fruits like citrus (Rodrigo 

et al., 2006), cherry (Rhodes, 1980), and grapes (Vendrell & Palomer, 1997). In climacteric 

fruits like apples, ABA concentrations increase from maturation to harvest, while in non-

climacteric sweet cherries, ABA concentrations increase before maturation and decrease until 

harvest (Setha et al., 2004; Setha, 2012). ABA appears to have a similar function to ethylene 

in regulating the changes of fruit during ripening by supporting the colour changes, cell wall 

metabolism, fruit softening, and sugar and acid metabolism (Setha, 2012). 
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In climacteric tomato fruit, BR has been reported to promote the ripening process 

through increasing ethylene production and lowering chlorophyll levels (Vidya & Rao, 2002; 

Zaharah et al., 2012; Chai et al., 2013). However, in mango, low concentrations of 

castasterone and brassinolide are present throughout the ripening period indicating that BR is 

unlikely to modulate ripening (Zaharah et al., 2012). Chai et al. (2013) demonstrated that BRs 

are involved in strawberry fruit ripening through downregulating the BR receptor gene 

(FaBRI1) transcript, producing plants that lack the red colouring traditionally associated with 

‘Akihime’ strawberry fruit. As a result of these inconsistent findings, definitive evidence for 

action of this hormone in fruit ripening is still inadequate.  

1.6 Selected genes for gene expression studies 

Several apple genes involved at particular stages of fruit development were selected to act as 

markers in gene expression studies. These genes are up-regulated or mostly expressed at a 

specific stage during fruit development and down-regulated in the other stages. Therefore, 

these genes are suitable for differential expression among samples. 

1.6.1 Apple Cyclin-Dependent Kinase B2 Homeologue 2 (MdCDKB2:2) 

In this research, MdCDKB2:2 is used as cell division marker in fruit size studies and cell 

cultures. It is well established that CDK gene expression is needed for cell replication in 

eukaryotes, ensuring the cells progress through each stage of the cell cycle. CDKs have 

different classes, divided by numbers (in animals) or letters and numbers (in plants). As 

covered earlier, in Arabidopsis, CDKs genes are divided into 7 classes, from CDKA to 

CDKF, based on their role in the different stages of the cell cycle (Kitsios & Doonan, 2011). 

A type CDK and B type CDK are the core cell cycle genes, whose expression is controlled 

strictly by the cell cycle (Endo et al., 2012). There are two types of CDKBs, CDKB1 and 

CDKB2, which are plant specific (Endo et al., 2012). CDKB1 is expressed during late S to M 

phase while CDKB2 is expressed during G2 to M phase (Iwakawa et al., 2006; Endo et al., 

2012). Apple, like Arabidopsis, possess two types of CDKB1s; CDKB1:1 and CDKB1:2 and 

two sets of CDKB2s - CDKB2:1 and CDKB2:2 which are homologues of each other (Malladi 

& Johnson, 2011; Endo et al., 2012). Some plants, such as rice, possess only the CDKB2:1 

gene (Endo et al., 2012). In tobacco, impaired stomatal development was observed in a 
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dominant negative CDKB1 mutant as a result of a block in early cell division stage, showing 

that CDKB1 is required at the transition point of G2/M (Iwakawa et al., 2006). Suppression of 

CDKB1 has also been reported to induce endoreduplication in Arabidopsis (Boudolf et al., 

2004; Verkest et al., 2005).  

Although both CDKB2 genes produce a high peak of expression during the G2/M 

phase in Arabidopsis (Endo et al., 2012), microarray data of CDKB2:2 expression has 

showed a more distinct peak during early fruit development in apple fruit compared to 

CDKB2:1 (Janssen et al., 2008). Comparing apple gene data with Arabidopsis cell cycle data 

shows a high similarity of apple CDKB2:2 gene (Accession number: CN943384) with the 

Arabidopsis cell cycle gene (Accession number: At1G20930.1), with the expected value of 1 

x e
-102

. This suggests that both genes have a similar function in the cell cycle (Janssen et al., 

2008). A number of studies have examined CDKB2:1 (Kitsios & Doonan, 2011; Endo et al., 

2012) but CDKB2:2 is less understood, especially in apple fruit.  

Apple CDKB2 was originally identified from a pool of microarray data (Janssen et al., 

2008). Later, additional research has investigated this gene function during early apple 

development (Malladi & Johnson, 2011). Higher expression in pollinated flowers of both sets 

of apple CDKB1 and CDKB2 genes in relation to the unpollinated flowers has been observed. 

Unlike in unpollinated flowers, the cell division stage starts in pollinated flowers following 

fertilisation in ovaries with high activity of CDKB genes (Malladi & Johnson, 2011). Yet, 

there is still cell division activity continuously occurring in the adjacent parts of the flowers 

(Malladi & Johnson, 2011). Therefore, CDKB gene expression can still be seen in 

unpollinated flowers, but at a much lower level. This finding has provided more evidence that 

CDKB genes are required for cell transition to mitosis stage (Malladi & Johnson, 2011). The 

interest in using CDKB2:2 as marker for cell division are because of its distinct 

downregulated expression at the end of early development. With this, apple MdCDKB2:2 in 

apple cell cultures have not been explored. Therefore, it is of interest to know how 

MdCDKB2:2 regulates the cell cycle in apple fruit and cell cultures. 
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1.6.2 Apple Aintegumenta 2 (MdANT2) 

The final number of cells in an organ, such as a fruit, is determined by intensive cell division 

activity in the undifferentiated stem cells during early fruit development which continues to 

occur until several weeks after fruit set (Mizukami & Fischer, 2000; Dash & Malladi, 2012). 

In other words, the action of cell division during organogenesis in plants is essential to 

facilitate growth and, consequently, influence the final size of the plant organs (Mizukami & 

Fischer, 2000). In apple, fruit growth is facilitated and influenced by cell division and cell 

expansion (Dash & Malladi, 2012). AINTEGUMENTA (ANT) is a plant-specific gene active 

in developing flower and vegetative tissues (Klucher et al., 1996). ANT is a member of the 

floral transcription factor gene family, APETALA 2 (AP2) (Dash & Malladi, 2012). As ANT 

has two binding sites homologous with the ethylene response binding protein (Klucher et al., 

1996), it may also have a function in hormone activity. In Arabidopsis, it is reported to 

control the cell proliferation stage in integuments during ovule growth and floral growth 

(Mizukami & Fischer, 2000). This is evidenced by a decrease in cell division activity through 

a loss of ANT function mutant which reduces organ size (Mizukami & Fischer, 2000). 

Likewise, in Arabidopsis, a gain-of-function mutant showed similar petal size with wild-type 

petals (Mizukami & Fischer, 2000). From this, it can be concluded that the ANT gene 

supports cell division by maintaining the competency of the meristematic cells undergoing 

cell division in the gain-of-function mutant, and therefore, the gene neither functions in 

accelerating the cycle frequencies nor cell expansion (Mizukami & Fischer, 2000).   

Early research was first speculated that apple homologs of ANT genes also act similar 

to those in Arabidopsis promoting cell division and fruit growth (Dash & Malladi, 2012). The 

apple gene, MdANT2, was selected as another potential marker for the cell division phases in 

apple fruit development and has also been studied at different phases throughout the 

development. Previous research observed upregulation of MdANT1 and MdANT2 at early 

stages of fruit growth until the end of cell division stage, consistent with maintaining 

competency of undifferentiated cells for cell division, and then downregulated towards the 

ripening stage when the meristematic cells gradually lose competency (Mizukami & Fischer, 

2000; Dash & Malladi, 2012). MdANT1 and MdANT2 genes both display higher and longer 

expression in larger fruit phenotypes like Golden Delicious Smoothee (GS) (Dash & Malladi, 

2012), suggesting that this gene is a suitable marker for cell division studies in apple fruit 
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development. Further, these genes have a similar expression pattern at the cell division stage, 

and they are also positively correlated with the A- and B-type CDKs in regulating cell 

production and cell cycle in apple (Dash & Malladi, 2012).  

1.6.3 Apple Auxin response factor 106 (MdARF106) 

MdARF106 is an apple transcription factor found to co-localise with a QTL-mapped for fruit 

growth (Devoghalaere et al., 2012). This implicates the gene in apple fruit growth, consistent 

with evidence of its expression during cell division and cell expansion stages (Devoghalaere 

et al., 2012). Keeping with this, in apple, high expression of MdARF106 in shaded fruits 

implies mdARF106 has function in decreasing fruit growth in response to fruit shading (Dash 

et al., 2013). This indicates that MdARF106 may play a role in supporting fruit abscission, 

and it is therefore tempting to postulate a function in apple fruit growth. 

In tomato, ARFs genes have been reported to be highly expressed when induced by 

GA in the ovary after pollination when fruit set is taking place (de Jong et al., 2009a). Gene 

expression data suggests auxin induces fruit set prior to GA action, accelerating the process 

(de Jong et al., 2009a). Therefore, MdARF106 is another suitable potential marker for early 

fruit development. 

1.6.4 Apple Expansin 3 (MdEXP3)  

Expansins are a family of proteins that catalyse cell wall expansion (Cho & Kende, 1997). In 

Arabidopsis, the expansin family consists of nearly 30 genes which are divided into two 

subfamilies - α- and β-expansin - based on sequence divergence and biochemical activity 

(Cosgrove, 2000a; Cho & Cosgrove, 2000). Cell expansion is an essential process needed in 

order for a plant cell to grow. In order for the process to occur, plant cell wall synthesis is 

required, which then gives rise to plant growth (Percy et al., 1998). The primary cell wall 

consists of a complex structure of polysaccharides and proteins which help maintain plant 

cell structure through its resistance of hydrolytic pressure (Percy et al., 1998). During cell 

expansion, the cell wall polysaccharide structure in plant cells is sheared while maintaining 

its strength to withstand turgor pressure (Cho & Cosgrove, 2000). Previous studies have 

shown that expansions induce cell expansion without cell wall hydrolytic breakdown of the 

cell wall and instead, cell wall loosening induces the cells to expand (Carpita & Gibeaut, 
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1993; Rose & Bennett, 2000). Moreover, an abundance of expansion transcripts during fruit 

softening and cell growth has been seen, implicating their role in cell expansion (Shcherban 

et al., 1995; Cho & Kende, 1997; Cho & Cosgrove, 2000). In the present work, expansin is 

another potential marker for cell expansion. 

In apple fruit size studies, high expression of MdEXP3 occurs during the expansion 

phase of fruit development (at 35 and 49 DAFB) of large size apple, M. domestica 

‘Sekaiichi’, compared to small size apple, M. floribunda (Harada et al., 2005). This confirms 

the role of expansin in fruit growth, particularly during cell expansion. In fact, low expression 

of MdEXP3 was also observed in 21 DAFB fruit (Harada et al., 2005). Another expansin, 

MdEXPA10:1, also exhibited cell expansion in apple shade-induced fruits where lower 

activity occurs as fruit growth is reduced (Dash et al., 2013). In addition, expansin activity 

during cell expansion is controlled by hormones and environmental stimuli (Shcherban et al., 

1995; Cho & Cosgrove, 2000). This is evidenced by cell expansion in M. domestica cv. 

‘Braeburn’ brought about by the synthetic auxin hormone (2,4-D) in the calyx of the fruit 

from the hydrolytic breakdown of the cell wall polysaccharide, xyloglycan (Percy et al., 

1998). In rice, cells in the internode have been demonstrated to expand under low oxygen 

stress based on the induction of an ethylene signal (Cho & Kende, 1997). After ABA levels 

decrease, internode cells became highly sensitive to GA (Raskin & Kende, 1984a, 1984b; 

Hoffmann-Benning & Kende, 1992; Cho & Kende, 1997). Meanwhile, in Arabidopsis, 

reduction of leaf growth was detailed in plants with AtEXPA10 antisense-suppressed 

expansin activity, while conversely, larger leaf size was observed in plants with 

overexpression of the AtEXPA10 gene (Cho & Cosgrove, 2000).       

1.6.5 Apple ACC Oxidase 1 (MdACO1) 

Apple fruits are climacteric and require ethylene in order to ripen. The apple ethylene 

biosynthesis gene, MdACO1, regulates the ripening process by catalysing ACC in the 

conversion process to ethylene (Ireland et al., 2014). Its role in ripening was verified by slow 

softening rate in apple fruits where MdACO1 was suppressed (Tacken et al., 2010; Ireland et 

al., 2014). Ethylene production is reduced by 95% in transgenic tomato that expresses apple 

MdACO1 antisense RNA (Bolitho et al., 1997). Here, MdACO1 was used as a marker for 
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ripening and also to confirm ripening in cell cultures during hormonal treatment aimed at 

promoting ripening. 

1.6.6 Apple Polygalacturonase 1 (MdPG1) 

Cell wall hydrolysis is a crucial process during ripening and has been much focused in the 

past but little is known about the precise conclusion on this process relation to fruit ripening 

(Kumar et al., 2014). PG1 is a well-regarded gene for pectin hydrolysis and is encoded by 

multigene family (Atkinson & Gardner, 1993). It function is associated with fruit softening, a 

process that is part of ripening (Tacken et al., 2010). Resultantly, PG1 action is supported or 

initiated through activation of the ACO1 gene (Costa et al., 2010). In apple fruits, the 

suppression of MdACO1 also causes the MdPG1 gene to be suppressed and results in a low 

softening rate (Tacken et al., 2010). This is indicative of their cooperative role action in 

ripening, and therefore, MdPG1 alongside MdACO1 were employed as late maturity and 

ripening markers. Although PG1 is associated in fruit ripening, this gene, when triggered by 

other hormones such as ethylene and ABA, is also reported to facilitate floral organ growth in 

dry fruits like Arabidopsis (McAtee et al., 2013; Kumar et al., 2014). In this research, 

MdPG1 was tested on season one, however, it was decided to exclude it from further analysis 

and use only MdACO1 as a ripening marker.  

      

1.7 Fruit size control 

Fruit size in apple is determined by the cells that make up the fruit, meaning that cell number 

and cell size are the primary determinants (Dash & Malladi, 2012). These are regulated by 

cell division and cell expansion (Dash & Malladi, 2012). An average sized apple fruit has 

about 50 million cells, but some apples grow larger because of greater cell number or by 

enlargement of cells (Hirst, 2010). In apple, fruit size has become an important factor in 

determining the quality of apples in storage (Bain & Robertson, 1951). To figure out what the 

storage period should be, all fruits must be of a similar size. Since fruits are sold by their 

weight, producing bigger fruit will help growers gain maximum profit (Hirst, 2010). 

Research has in fact been performed to evaluate what determines fruit size so as to help 

growers produce the highest yield.  
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There is great variation in terms of fruit size in apples; for instance, Crab apple sizes 

are mostly below 5 cm while other cultivars can produce fruit with a size of more than 10 cm 

(Dash & Malladi, 2012). Besides fruit growth, harvest time is also one of the main 

determinants of fruit size. ‘Red Delicious’ apples are larger than ‘Royal Gala’ apples at 

harvest on account of the length of time they spend on the tree as a result of late maturity 

(Hirst, 2010). Genetic traits also strongly influence fruit size - for instance, Crab apples will 

always be small even when grown under the same conditions as other apple cultivars (Hirst, 

2010). Fruit thinning is one of the methods used to increase fruit size by manually removing 

lateral flowers (Dash & Malladi, 2012). The remaining fruits will increase in size because of 

an increase in the leaf:fruit ratio (Forshey & Elfving, 1977; Dash & Malladi, 2012). A 

combination of auxin and ethylene is often used for thinning because both hormones affect 

abscission (Untiedt & Blanke, 2001). Application of the auxin, 1-NAA, and the CK, BAP, 

promotes lateral fruitlet (immature fruit) abscission when sprayed within 5-6 weeks after full 

bloom (Cin et al., 2005). However, the effectiveness of these hormones varies between 

different cultivars and species and also depends on environmental conditions (Cin et al., 

2005).  

There are cultivars that are easy to thin and others that are more difficult even though 

application of different combination of hormones have been tested (Wertheim, 2000; Cin et 

al., 2005). Also, overthinning will elicit negative effects. Dash et al. (2013) described 

competition for nutrients between growing sinks of the plant, noticeably affecting fruit 

growth. Growing sinks, such as shoots and fruits, compete with each other for carbohydrates 

and other nutrients for their growth. During this competition, the weakest sink will 

experience diminished growth, and will be eliminated through abscission (Dash et al., 2013). 

For instance, shaded fruits, which compete for light with other sinks, showed considerable 

fruit growth decrease after 2 days of shading (Zibordi et al., 2009; Morandi et al., 2008; Dash 

et al., 2013) and abscised after 5-15 days (McArtney et al., 2004; Kolarič et al., 2011; Zhu et 

al., 2011; Dash et al., 2013). Therefore, other than hormonal balance and the effect of a 

thinning programme, the natural competition among plant sinks during the growth will also 

affect fruit size.  

Indeed, several studies have shown a very close relationship between cell number and 

cell size and the resulting fruit size range in apples. Cell division occurs during the early 
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phase of fruit development (0-14 days) and is the crucial stage for organogenesis of the whole 

fruit as it determines the final cell number inside the fruit influencing final fruit size (Bohner 

& Bangerth, 1988; Ho, 1996; Joubès et al., 1999). Smith (1940) importantly used several 

cultivars of mature apples to investigate the relationship between cell size and fruit size by 

determining the mean of cell size. It was suggested that if fruit size was controlled entirely by 

cell division, then, the cell size of both large and small apples should be the same. It was 

concluded that the differences in sizes in mature apple were the result of both cell division 

and the degree of cell expansion (Smith, 1940). Bain and Robertson (1951) determined that 

variation in fruit size was mainly from cell number and only to a small extent of cell size in 

‘Granny Smith’. However, only a few of the common domesticated apples have been 

investigated in this fashion. There is no data from very small apples, such as Crab apples, or 

large fruit, such as ‘Twenty Ounce’ (Beach et al., 1905; Harada et al., 2005). Harada et al. 

(2005) investigated fruit size control in five apple cultivars that varied in size, including Crab 

apples as a representative for small fruit, and ‘Sekaiichi’ as a representative of large fruit. It 

was concluded that the combination of greater cell division and a degree of cell expansion 

determined final fruit size in apples. In the medium size apple cultivar, M.coronaria, fruit 

size is shown to be controlled by cell division and a high degree of cell expansion, while in 

Crab apples, fruit size was modulated by either cell division or cell expansion. However, 

‘Sekaiichi’ apples showed high cell division which had resulted in large fruits. 

Researchers have also identified and characterised genes that regulate cell division 

during fruit growth of apples. Small classes of genes are now known to govern plant and 

organ size through cell number. The fruit weight gene, FW2.2, was found to affect major 

QTLs for tomato fruit size by negatively influencing cell division (Guo & Simmons, 2011). 

In apple, the homologs of ANT, MdANT1, and MdANT2 were found to regulate cell division 

during apple fruit growth via high expression within the fruit cortex (Dash & Malladi, 2012). 

The genes were also found to be positively correlated with the cell cycle genes for CDKBs, 

indicating ANT expression is connected with the cell cycle (Dash & Malladi, 2012). ANT 

genes were also found to cause enlargement of embryonic and shoot organs in Arabidopsis 

and tobacco by increasing the cell number through the expression of 35S::ANT transgene 

(Mizukami & Fischer, 2000). Considering that apple fruits develop from the hypanthium of 

the flower, flower development is crucial for successful fruit development. Floral 
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development has in fact been shown to be closely related to fruit development as many carpel 

development genes are shown to have functions in fruit development and ripening.  

Studies have been done on both climacteric and non-climacteric fruits as well as 

Angiosperm flowers focusing on various groups of MADS box transcription factors that are 

involved in flower development. One of these TFs, SEPALLATA (SEP), has been shown 

essential in carpel development of Arabidopsis, and the fact that the gene is not found in 

Gymnosperms has supported its role in floral development (Seymour et al., 2008). In 

addition, suppression of two of the SEPALLATA 1/2-like genes, MADS8 and MADS9, in 

apple hypanthium reduces final fruit size presumably because of their absence during cell 

division and cell expansion (Ireland et al., 2013; Eccher et al., 2014). 

 In some fruit, size is also related with the ploidy level of the cells (Traas et al., 1998; 

Harada et al., 2005) such as in ‘Twenty Ounce’. Triploid cultivars of ‘Mutsu’ have 1.1 times 

larger fruit size compared to diploid cultivars ‘Fuji’ (Harada et al., 2005). Higher ploidy level 

is usually caused by endoreduplication which occurs after cell division has ceased. 

 

1.8 Influence of hormones in apple cell culture and differentiation 

In vitro cell cultures have a distinct advantage as a system in that the effects of different 

hormones and hormone combinations can be closely monitored by looking at the expression 

of marker genes at specific stages of fruit development. Moreover, compared to a whole 

plant, plant cell cultures have shorter life cycles, and are free from environmental changes 

like climate, soil quality, season, and day length (Sun et al. 2011; Xu et al. 2011a). The use of 

plant cell cultures to produce active ingredients has been widely exploited, particularly with 

secondary metabolite (Barbulova et al. 2014) such as anthocyanin, in production of cell 

cultures (Gagné et al. 2011; Mewis et al. 2011; Qu et al. 2011). In fact, recently, tobacco 

suspension cultures have been demonstrated to be capable of producing human 

biopharmaceutical proteins (Brandsma et al. 2010; Sun et al. 2011). Cell cultures have also 

been used to develop plant varieties that are tolerant to salinity (Liu et al. 2006), drought, and 

heat stresses (Wang et al. 2001; Bowen et al. 2002). These reports suggest that plant cell 

cultures can be manipulated externally through changes in the composition of the culture 

medium (Zažimalová et al. 1995; Mustafa et al. 2011; Moscatiello, 2013). Differentiation of 
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cells in culture has also been examined; cell expansion has been induced in cultures of Zinnia 

elegans, where tracheid differentiation can be prompted in culture mesophyll cells (Church 

1993; Twumasi et al. 2009).  

Plant cells have a higher regenerative potential than animal cells, often referred to as 

totipotency. Totipotency is the ability to undergo developmental from single somatic cells 

(Ronchi, 1995), with the totipotency of somatic cells of plants first demonstrated in carrot 

(Steward et al., 1964). When plant cells, tissues, or part of the plants are cultured in vitro on 

media containing hormones, they can be made to divide and form an undifferentiated cell 

mass - the callus (Houllou-Kido et al., 2005). There are two types of callus. Type I callus’ 

have embryogenic characteristics to regenerate into a plant while type II callus is non-

embryogenic and does not have regeneration capabilities (Houllou-Kido et al., 2005). Most 

embryogenic callus’ are compact, non-friable, and yellow (Figure 1.5 (A)) while non-

embryogenic callus’ are soft, friable, and white or light yellow (Figure 1.5 (B)) (Straub et al., 

1992).  

To maintain callus, a small piece of cell mass is subcultured or transferred onto new 

solid medium. This step is to ensure callus adaptation on the medium without its explants as 

well as to maintain its continuous growth (Silva et al., 2005). The cells of compact calli are 

aggregated densely, while in the friable calli, cells are loosely aggregated and make the calli 

soft and easy to break apart (Silva et al., 2005). The friable calli characteristics make it the 

most suitable as inoculums for cell culture because it is easy to disperse throughout the 

culture medium (D'Amato & Bayliss, 1985). A fine and established cell culture usually 

contains small aggregates and single cells that can be initiated from friable calli (Silva et al., 

2005). Therefore, it is important to obtain friable calli and maintain them on solid medium for 

in vitro adaptation prior cell to culture initiation. Shaker speed is fundamental to minimise 

cell damage during cell culture agitation. The speed normally used in various plant cell 

cultures from different plant varieties ranges between 50 to 200 rpm (Bowen et al., 2002; Al-

Khayri, 2012).  

Suspension cell cultures of embryogenic callus’ produce clusters of small and tightly 

packed cells, small vacuoles, and starch reserves in the form of starch grains called 

“proembryogenic masses” (Figure 1.5 (C)) (Houllou-Kido et al., 2005). This is evidence of 
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suspension cells possessing embryogenic potential when induced with the appropriate 

hormone concentration (Domergue et al., 2000). Embryogenic suspension cultures produce a 

thick consistency when the cell concentration is high (Domergue et al., 2000). Non-

embryogenic callus suspension cells contain individual elongated cells (no clusters) with 

vacuolated cytoplasms and small starch reserves (Figure 1.5 (D)) (Houllou-Kido et al., 2005). 

Elongated and vacuolated cells apparently originate from unmeristematic tissue while oval 

cells with large starch granules emanate from meristematic cells (Dhed'A et al., 1991). Under 

normal growth conditions, plant cells are very large, reaching up to 50 µm in cell diameter 

compared to bacteria cells (Stepan-Sarkissian & Grey, 1990). This is because plant cells 

consist of a central vacuole which is comprised of predominantly water, occupying up to 95% 

of intracellular volume (Stepan-Sarkissian & Grey, 1990). Once established, the growth of 

the cell culture follows five phases which are lag, acceleration, exponential, stationary, and 

death, similar to a bacterial growth curve (Monon, 2012; Al-Khayri, 2012). 

  

  

Figure 1.5. Callus types and cell suspension of apple ‘Royal Gala’. A: Embryogenic callus 

(type I); B: Non-embryogenic callus (type II); C: Embryogenic cell suspension formed by 

callus (type I); D: Non-embryogenic cell suspension formed by callus (type II) (all images 

are from this work).  

C 
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Apart from controlling in vivo plant growth, hormones also control in vitro growth 

and development. In plant tissue cultures, composition of the medium is an important factor 

influencing growth and morphogenesis of explants (Mercier et al., 2003). The makeup of the 

cultivation medium consists of macronutrients, micronutrients, sucrose, amino acids, 

vitamins, solidifying compounds (agar), and hormones (Codron et al., 1979). Usually, the 

explants used in tissue cultures are very small; therefore, it is difficult to stimulate growth as 

they only produce a low concentration of endogenous hormones (Razdan, 2003). However, 

adding exogenous hormones into the growth medium appears to encourage production of 

endogenous hormones, making growth possible (Razdan, 2003). Apart from the 

phytohormone requirements in promoting growth, genetics and the physiology of the plant 

are the most central elements in determining growth of tissue cultured and whether the 

explants will be able to produce the response needed (Razdan, 2003). Explants from different 

parts of plants have different responsive abilities, and genetic information directs the 

synthesis of enzymes and regulates the production of hormones. The developmental response 

of cultured cells is epigenetically influenced by the nature of the explants (Von Arnold et al., 

2002). In the work presented here, apple suspension cell cultures showed slow cell 

development, making it time consuming to obtain a rapidly dividing cell culture. A wide 

number of studies have established apple suspension cultures; however, different apple 

cultivars require diverse hormone combinations and growth conditions (Bowen et al., 2002), 

supported by varieties of growth conditions on inititating and maintaining cell cultures which 

were found from literatures (Table 1.1).  Plant growth is also subject to several environmental 

factors, like light, water, inorganic nutrients and temperature. To produce an established 

apple cell culture, deciding the optimum concentrations of hormones in the medium and the 

physiological state of the explants are two important factors to be considered (Razdan, 2003). 
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Table 1.1. Diversity of growth conditions on initiating and maintaining callus and suspension culture in various plant species. 

In vitro 

culture type 

Plant 

Species 
Explant 

types 

Plant growth 

regulators 

concentrations 

Culture conditions 

Citation 
  Auxin Cytokinin Medium Shaker 

speed 

(rpm) 

Temperature 

(
o
C) 

Suspension 

culture 

Apple (M. 

domestica) 

‘Braeburn’ Mesocarp 4.5 µM 

2,4-D 

- Modified 

MS 

(Codron) 

100 24 ± 1 Bowen et al., 

2002 

  ‘Golden Delicious’ Mesocarp 0.5 

mgl
-1

 

2,4-D 

0.1 mgl
-1

 

Kinetin 

SH 80 26 Lieberman et 

al., 1979; 

Schenk & 

Hilderbrandt, 

1972. 

 Pear (Pyrus 

communis) 

‘Passe Crassane’ Mesocarp 4.5 µM 

2,4-D 

- Modified 

MS 

(Codron) 

100 23 ± 2 Codron et al., 

1979; Ferguson 

et al., 1994; 

Barker et al., 

1998. 

 Wormwood 

(herbal) 

Artemisia absinthium Seed 1.0 

mgl
-l
 

NAA 

1.0 mgl
-l
 

TDZ 

MS 120 25 Ali & Abbasi, 

2013 

 Deepwater 

rice (Oryza 

sativa) 

HAJA-1; HAJA-8 Seed 2 mgl
-1

 

2,4-D 

 Modified 

MS (R2) 

60 26±2 Ohira et al., 

1973; Khaleda 

& Al-Forkan, 

2010. 

 Flowering 

plant (Zinnia 

elegans) 

‘Envy’ Leaf   MS 75 27 Church & 

Galston, 1988 
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 Medicago 

truncatula 

‘Gaertn’ Leaf 2.3 µM 

2,4-D 

2.3 µM 

Kinetin 

MS 124 24 Duque et al., 

2006 

 Rose ‘Paul’s Scarlet’ Stem 5 µM 

2,4-D 

2.3 µM 

Kinetin 

MS 110 25 Nash & Davies, 

1972; Fry & 

Street, 1980 

 Tobacco ‘Bright Yellow 2’ Seed 1 µM 

2,4-D 

- MS 130 26 Nagata et al., 

1992; David et 

al., 2007 

 Sunflower HEL 89 Seed 0.5 

mgl
-1

 

NAA 

0.5 mgl
-

1
BAP 

MS 110 26 Geipel et al., 

2014 

 Tobacco ‘Xanthi’ Root 1 mgl
-1

 

2,4-D 

- MS 100 24±2 Han et al., 2014 

Callus culture Apple ‘Royal Gala’ Leaf 0.2 µM 

NAA 

5 µM BAP MS - 25 Yao et al., 

1995; Ma et al., 

1998 

  ‘f.niedzwetzkyana’ Leaf 2.5 

mgl
-1

 

2,4-D 

0.5 mgl
-1

 

BAP 

MS - 24 ± 2 Ji et al., 2015 

  ‘Fuji’ Leaf 2.5 

mgl
-1

 

2,4-D 

0.5 mgl
-1

 

BAP 

MS - 24 ± 2 Ji et al., 2015 

  ‘Orin’ Mesocarp 4.5 µM 

2,4-D 

1 µM BAP MS - 25 Liu et al., 2006 
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The balance between auxin and CK is known to control many growth and 

differentiation stages in plants and the ratio between them governs the morphogenic process 

in plants (Matschke & Macháčková, 2002). CKs are required for cell division during 

embryogenesis, in the shoot apical meristem, and cultured plant cells (Perrot-Rechenmann, 

2010; Cheng et al., 2013). In tobacco leaf cell tissue culture, a combination of kinetin and 

IAA in the growth medium results in a four- to five-fold increase in callus production within 

three to four weeks of the growth period (Murashige & Skoog, 1962). Levels of CK change 

during the cell cycle of cultured cells with the highest seen during late S phase and M phase. 

Higher concentrations of auxins promote root formation while higher concentrations of CKs 

promote bud formation, which later develop into shoots and leaves (Atanassova et al., 1996). 

Auxin inhibits growth of lateral buds and supports apical dominance of plants, while CK 

stimulates lateral bud formation and therefore inhibits apical dominance (Atanassova et al., 

1996). A balance between both hormones results in suppression of organ development and 

onsets formation of undifferentiated callus tissue (Cheng et al., 2007).  

Apple tissue culture has been used extensively in the literature, with different types of 

tissues selected based on the specific purpose of a given study. For example, leaves have 

been used as explants in somaclonal variation studies (McMeans et al. 1998; Piagnani et al., 

2008) and stems in micropropagation (Bommineni et al., 2001).  Cell suspension cultures of 

‘Braeburn’ and pear (Pyrus comunis) were once abundantly utilised to study physiological 

changes of a number of fruit-related traits, such as growth and response to stress (Codron et 

al., 1979; Barker et al., 1998; Wang et al., 2001; Konan et al., 2010), but little molecular 

work has been undertaken along these lines.  

‘Royal Gala’ is one of the most heavily examined apple cultivars, with many 

resources available, including functional gene studies (Schaffer et al., 2007, Atkinson et al., 

2012, Ireland et al., 2013). Cell cultures of ‘Royal Gala’ have been established from leaves, 

stem, shoots, and seeds, but, currently, no cell culture derived from ‘Royal Gala’ fruit cortex 

cells has been reported (Yao et al., 1995; Ma et al., 1998; McMeans et al., 1998). To fill this 

gap, here the establishment of ‘Royal Gala’ cell cultures from the cortex of the fruit is 

described. As fruit development occurs mostly in the cortex of the fruit, it is necessary to use 

fruit cortex cells in the cell cultures. This is because the cell cultures are intended for use in 

promoting differentiation in the ‘Royal Gala’ cortex cell culture from an undifferentiated 
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state to differentiated state, involving cell division, cell expansion, and ripening through 

application of hormones exogenously, all the while monitoring gene expression changes 

during these processes. To date, no published research is available related to this aim. There 

have, however, been reports of promoting tracheid differentiation in cell cultures, such as in 

isolated mesophyll cells of Zinnia elegans, which involves cell expansion prior to tracheid 

formation (Church, 1993; Demura, 2014).  

Cultured cells differentiate into tracheid element (TE) when cultured in a medium 

containing adequate auxin and CK (Church, 1993). There are a number of parameters critical 

to yield rapid differentiation of Zinnia cells, such as the type of cultivar used, age and size of 

leaves, growth conditions of the plants, method of cell isolation, culture temperature, and 

culture medium (including hormonal concentrations, nitrogen source, osmotic pressure, and 

pH) (Church, 1993). Expansion and division of cultured Zinnia mesophyll cells is controlled 

by modifying the hormonal concentrations within the medium. In the Zinnia system, 

exogenous auxin is required for TE formation, cell division, and cell expansion, while 

exogenous CK is required for TE formation but not mitosis (Church, 1993). Cells harvested 

from older leaves have also been used in studies of cell division. Such cells are apparently 

incompetent for tracheid element differentiation, as the ‘old’ cells divide, but do not 

differentiate (Church, 1993). However, cell division is slower and/or less frequent in cultures 

of ‘old’ cells than in cultures of ‘young’ cells, where both cell division and Tracheid element 

differentiation happens (Church, 1993). Others have also worked on cell wall differentiation 

of the coniferous gymnosperm, Pinus radiata, in callus and cell suspension (Möller et al., 

2003). 

Fruit development process is regulated by a complex interaction and balance of 

hormones. In order to promote cell expansion in vitro, these in vivo interactions need to be 

mimicked. Several hormones were reported to have the ability to induce or support cell 

expansion. Differentiation of TEs in Zinnia mesophyll cell cultures was achieved with 

hormone combinations of auxin and CK (Church & Galston, 1988). Synthetic auxin NAA (at 

a concentration 0.5 µM) and 2,4-D (at a concentration between 0.05-5µM) and natural auxin 

IAA were tested where all showed Tracheid element differentiation after 3-5 days of culture 

(Church & Galston, 1988). NAA and IAA showed the most speedy TE induction, within 3 

days, while 5 days of incubation was needed for a medium containing 2,4-D (Church & 
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Galston, 1988). Synthetic CKs that have been used include 6-benzylaminopurine (BAP) and 

kinetin (Kn), while natural CKs, like zeatin and 2-isopentyladenine (2-iP), have been 

employed. Results showed that both BAP (at concentrations of 0.5µM) and 2-iP (at 

concentrations between 0.05-0.5 µM) produced the greatest tracheid element differentiation 

after 3 days of culture (Church & Galston, 1988). The same concentrations of NAA and BAP 

triggered cell expansion (Church, 1993). Based on this knowledge, it was decided to use 2,4-

D as an auxin source with 6-BAP as the CK source at a culture period set for 4 days.  

Apart from these two hormones, there are also reports of combinations of GA and 

auxin inducing cell expansion. In rice, the abundance of OsEXP1, OsEXP3, and OsEXP4 in 

coleoptiles, root, and the internodes are in opposition with OsEXP2, which is lowly expressed 

(Cho & Kende, 1997). However, elevated expression of OsEXP2 in differentiating tissues 

suggests a distinct role of this gene in differentiation of vascular system and root hairs (Cho 

& Kende, 1997). As has been described earlier, in the current research, MdEXP3 was selected 

as a marker for cell expansion. While GA has been known to promote cell expansion in 

plants, its action requires the presence of auxin, although at a lower concentration (Kalev & 

Aloni, 1998). The maximum expansion in tracheids is observed under 1% (w/w) with GA3 

and 0.1% (w/w) of NAA and decreases significantly under higher concentrations, compared 

with half hypocotyls treated with 0.1% NAA alone (Kalev & Aloni, 1998). This knowledge 

of hormone balance is serves as a guide for inducing cell expansion in apple cell cultures. 

During fruit development, cell expansion takes place after cell division which 

gradually decreases and eventually stops during the cell expansion stage. Within the context 

of the present work, attempts to completely arrest cell division prior to cell expansion were 

not successful, but cell division was demonstrated to gradually decrease throughout the 

treatment. The use of auxin antagonists is also described to inhibit cell division (Church, 

1993). However, it has not been used here based on the fear that it may affect culture growth. 

As no auxin antagonist was used in this research, it was difficult to completely discontinue 

cell division, and this may be a consequence of carry over auxin from the medium. The 

presence of low concentrations of auxin in the treatment medium during cell expansion 

induction may also provoke cell division as the hormone is essential for the process to occur. 
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1.9 Aims of the research 

This research will first investigate the developmental processes involved during fruit 

development in three apple fruit cultivars with differing fruit sizes, ‘Twenty Ounce’ (large 

size apple cultivar), ‘Royal Gala’ (medium size apple cultivar), and Crab apple (small size 

apple cultivar). The hormonal and molecular approaches may provide insight into the control 

of fruit size in apples. Secondly, rapidly dividing cell cultures were established using the 

cortex of Royal Gala immature fruits. It was found that the growth conditions of the callus 

was not similar with the available literature of apples and pears, thus required optimisation in 

order to obtain the ideal hormone concentration to support the best callus growth. The cell 

culture was initiated using the callus and growth conditions were also optimised to obtain 

rapidly dividing cell cultures that were stable and established. The cell cultures themselves 

were employed to induce cell expansion and ripening through hormonal treatment screening. 

The current hypothesis is that if differentiation can be mimicked in cell cultures, then this will 

allow a quick method to understand fruit development processes. Phylogenetic analysis of 

apple cell cycle-related gene was carried out to investigate the relatedness of this gene family 

with other model plants, such as Arabidopsis and tomato. The aims of this research are as 

follows: 

1. To study final fruit size control by characterising apple fruit development at the whole 

fruit, cellular, and molecular level in three different apple fruit cultivars that yield 

different fruit sizes in two consecutive seasons (Chapter 3).   

2. To induce and maintain a callus of Royal Gala from immature fruit cortex explants 

(Chapter 4). 

3. To initiate and establish a rapidly dividing cell culture from Royal Gala callus by 

optimising growth conditions (Chapter 4). 

4. To screen different hormone combinations that produce optimum cell expansion and 

ripening induction of rapidly dividing cells and confirms expansion and ripening at 

the cellular and molecular level in order to see whether these processes are mimicking 

real fruit (Chapter 5).  

5. To investigate the relatedness of cyclin-dependent kinases (CDKs) among apples, 

Arabidopsis, and tomato. Transient assays of the 35S:DR5:GFP promoter was tested 

in tobacco leaves (Chapter 6).  
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Chapter 2: Materials and Methods 

2.1 Buffers, media and solutions 

All buffers, media and solutions used are shown in Table 2.1.  

Table 2.1. Buffers, media and solutions used in this research. 

Component Preparations 

L-asparagine (100X) 

MW: 132.1 g/mol 

Stock concentration: 120 mM 

Working concentration: 1.2 mM 

0.75 g was dissolved in a few drops of 1 M NaOH and 

then made up to 50 ml with distilled water. Filtered 

sterile using 0.22 µm filter. 

Stored at -20
o
C in the dark. 

Ascorbic acid (1000X) 

MW: 176.12 g/mol 

Stock concentration: 284 mM 

Working concentration: 284 µM 

2.5 g was added to 50 ml distilled water. Filtered sterile 

using 0.22 µm filter. 

Stored at -20
o
C in the dark. 

Thiourea (1000X) 

MW: 76 g/mol 

Stock concentration: 328 mM 

Working concentration: 328 µM 

1.2 g was added to 50 ml distilled water. Filtered sterile 

using 0.22 µm filter. 

Stored at -20
o
C. 

Myo-inositol (1000X) 

MW: 180 g/mol 

Stock concentration: 555 mM 

Working concentration: 555 µM 

5 g was added in 50 ml distilled water. Filtered sterile 

using 0.22 µm filter. 

Stored at -20
o
C. 

Ca-penthatonate (1000X) 

MW: 476.54 g/mol 

Stock concentration: 2 mM 

Working concentration: 2 µM 

0.05 g was dissolved in 50% ethanol. Filtered sterile 

using 0.22 µm filter. 

Stored at -20
o
C in the dark. 

Nicotinic acid (1000X) 

MW: 123 g/mol 

Stock concentration: 8 mM 

Working concentration: 8 µM 

0.05 g was dissolved in 50 ml distilled water. Filtered 

sterile using 0.22 µm filter. 

Stored at -20
o
C. 

Thiamine HCl (1000X) 

MW: 300 g/mol 

Stock concentration: 3 mM 

Working concentration: 3 µM 

0.05 g was dissolved in 50 ml distilled water. Filtered 

sterile using 0.22 µm filter. 

Stored at -20
o
C in the dark. 

Pyrodoxin-HCl (1000X) 

MW: 169 g/mol 

Stock concentration: 4.8 mM 

Working concentration: 4.8 µM 

0.05 g was dissolved in 50 ml distilled water. Filtered 

sterile using 0.22 µm filter. 

Stored at -20
o
C. 

Biotin (100,000X) 

MW: 244.31 g/mol 

Stock concentration: 4 mM 

Working concentration: 0.04 

µM 

0.05 g was dissolved in 50 ml ethanol. Filtered sterile 

using 0.22 µm filter. 

Stored at -20
o
C in the dark. 



Chapter 2: Materials and Methods 

44 

 

2,4-D (1000X) 

MW: 261.03 g/mol 

Stock concentration: 4.5 mM 

Working concentration: 4.5 µM 

0.05 g was dissolved in a few drops of 1 M NaOH, then 

made up to 50 ml with distilled water. Filtered sterile 

using 0.22 µm filter. 

Stored at -20
o
C in the dark. 

6-BAP (1000X) 

MW: 225.25 g/mol 

Stock concentration: 4.5 mM 

Working concentration: 4.5 µM 

0.05 g was dissolved in a few drops of 1 M NaOH, then 

made up to 50 ml with distilled water. Filtered sterile 

using 0.22 µm filter. 

Stored at -20
o
C in the dark. 

GA3 (1000X) 

MW: 347.77 g/mol 

Stock concentration: 4.5 mM 

Working concentration: 4.5 µM 

0.08 g was dissolved in a few drops of 95% ethanol. 

Distilled water was added until 50 ml. Filtered sterile 

using 0.22 µm filter. 

Stored at -20
o
C in the dark. 

1-Aminocyclopropane-1-

carboxylic acid (ACC) 

MW: 101.1 g/mol 

Stock concentration: 4.5 mM 

Working concentration: 4.5 µM 

0.22 g ACC was dissolved in a few drops of 10% 

ethanol. Distilled water was added until 50 ml. Filtered 

sterile using 0.22 µm filter. Stored at -20
o
C in the dark. 

14) NAA 

MW: 186.2 g/mol 

Stock concentration: 4.5 mM 

Working concentration: 4.5 µM 

0.04 g was dissolved in a few drops of 1 M NaOH, then 

made up to 50 ml with distilled water. Filtered sterile 

using 0.22 µm filter. 

Stored at -20
o
C in the dark. 

Gentamicin (1000X) 

Stock concentration: 25 mg/ml 

Working concentration: 25 

µg/ml 

0.25 g was dissolved in 10 ml of distilled water. Filtered 

sterile using 0.22 µm filter. 

Every 1 ml was aliquoted into each sterile Eppendorf 

tube. Stored at -20
o
C.  

Streptomycin (1000X) 

Stock concentration: 100 mg/ml 

Working concentration: 100 

µg/ml 

1 g was dissolved in 10 ml of distilled water. Filtered 

sterile using 0.22 µm filter. 

Each 1 ml was aliquoted into a sterile Eppendorf tube. 

Stored at -20
o
C.  

Carbenicillin (1000X) 

Stock concentration: 100 mg/ml 

Working concentration: 100 

µg/ml 

1 g was dissolved in 10 ml of distilled water. Filtered 

sterile using 0.22 µm filter. 

Each 1 ml was aliquoted into a sterile Eppendorf tube. 

Stored at -20
o
C. 

Rifampicin 

Stock concentration: 25 mg/ml 

Working concentration: 25 

µg/ml 

0.25 mg was dissolved in 10 ml of methanol.  

Each 1 ml was aliquoted into a sterile Eppendorf tube. 

Stored at -20
o
C. 

Murashige & Skoog (MS) 

medium 

Volume: 1 L 

4.3 g MS medium basal salt (4.3 g/l) was dissolved in 

900 ml distilled water and stirred. 30 g sucrose (3%) 

was added and then adjusted to pH 5.9 using 1 M NaOH 

prior to autoclaving. For solid medium, 8 g/l agar was 

added prior to autoclaving. Hormones and vitamins 

were added after the medium was cooled to 60
o
C. 

Acetosyringone (AS) (100 mM) 0.39 g of AS was dissolved in 12 ml of 95% ethanol and 

8 ml of distilled water. Filtered sterile using 0.22 µm 

filter. Each 1 ml was aliquoted into a sterile Eppendorf 

tube. Stored at -20
o
C. 

1 M MgCl2 4 g of MgCl2.6H2O was dissolved in 20 ml distilled 
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water and autoclaved. Stored at room temperature. 

Infiltration medium (IM) 50 µM of AS (25µl) was added and 500 µl of 1 M 

MgCl2 to 49.5 ml sterile distilled water. Stored at 4
o
C in 

the dark. 

Indolacetic acid (IAA) solution 

Concentration: 1 mM 

IAA was dissolved in 1 M NaOH and adjusted to 1 mM 

with distilled water. Stored at -20
o
C in the dark. 

10% NBF fixative solution 

Volume: 1 L 

Formaldehyde (37-40%) (100 ml), distilled water (900 

ml), NaH2PO4·H2O (4.0 g), and Na2HPO4 (anhydrous) 

(6.5 g) were mixed and dissolved completely. Stored at 

room temperature. 

10% Formalin acetic acid 

(FAA), buffered neutral 

Volume: 1 L 

Formaldehyde (37-40%) (100 ml), distilled water (900 

ml), 4.0 g of NaH2PO4, and 6.5 g of Na2HPO4 

(anhydrous) were mixed and dissolved completely. 

Stored at room temperature.  

Safranin O stain (1%) 1 g of Safranin O was dissolved in 100 ml distilled 

water. Stored at room temperature. 

Fast green stain (0.5%) 0.5 g of Fast Green FCF was dissolved in 100 ml of 

95% ethanol. Stored at room temperature. 

Carbol-xylene 1 volume of phenol was added into 3 volumes of xylene. 

Mixed and stored at room temperature in the dark. 

Luria Broth (LB) 

Volume: 1 L 

10 g casein peptone, 5g yeast extract, and 10g sodium 

chloride were dissolved in 900 ml distilled water. 

Adjusted pH to 7 with 1 M NaOH. Solution was 

adjusted to 1 L prior to autoclaving. For solid medium, 

15 g agar was added prior to autoclaving. 

Tris-HCl 

Concentration: 2M, pH: 8 

Volume: 250 ml 

60.57 g Trizma Base (MW: 121.14 g/mol) was 

dissolved in 150 ml distilled water. pH was adjusted to 

8.0 with concentrated HCl. Solution was topped up until 

250 ml with distilled water prior to autoclaving. Stored 

at room temperature. 

EDTA 

Concentration: 0.5 M, pH:8 

Volume: 250 ml 

46.53 g EDTA (MW: 372.24 g/mol) was dissolved in 

150 ml distilled water. 2.5 g NaOH was then added. pH 

adjusted to 8.0. Distilled water was added to 250 ml and 

autoclaved. Stored at room temperature. 

Lithium chloride 

Concentration: 6 M 

Volume: 500 ml 

121.17 g LiCl (MW: 42.39 g/mol) was dissolved in 400 

ml distilled water. Total volume was made up to 500 ml 

after it was completely dissolved. Autoclaved. Stored at 

4
o
C. 

Chloroform:isoamyl alcohol 

(24:1) 

Volume: 1 L 

960 ml of chloroform was added to 40 ml of isoamyl 

alcohol. No autoclaving. Stored at room temperature.  

RNA extraction buffer 

Volume: 1 L 

600 ml distilled water was heated to 60
o
C on a heated 

stirring block. 20 g of CTAB was added and dissolved 

completely. 20 g of PVP 40 (K 29-32) was added and 

dissolved completely. 50 ml of each 2M Tris-HCl and 

0.5 M EDTA was added. Distilled water was added until 

900 ml. 116.88 g NaCl was added slowly and dissolved 
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completely (overnight). 0.5 g spermidine was added. 

Final volume was added to 1 L with distilled water. 

Solution was filter sterilised using Steritop filter. Stored 

at room temperature. 

SSTE buffer 

Volume: 40 ml 

0.2 g SDS (sodium dodecyl sulphate) was added to 30 

ml of distilled water. 200 µl of 2 M Tris-HCl and 80 µl 

of 0.5 M EDTA were added. 2.3376 g NaCl was added 

and dissolved completely on a heated stirring block at 

60
o
C. Solution was sterilised using Steritop filter and 

aliquoted in 10 ml fractions into 15 ml Falcon tubes. 

Stored in the dark at room temperature.  

 

2.2 Fruit size control (Season 1) 

Experiments for fruit size control covering the season of October 2012-April 2013.  

2.2.1 Pollen preparation and pollination. 

Blooming flowers of ‘Granny Smith’ apples were collected from the orchard (Plant and Food 

Research, Hawke’s Bay, NZ). In the laboratory, pollen was acquired using a comb. The 

filaments of flowers were combed through to collect anthers into a container. Anthers were 

left overnight on a paper plate under white light, or in an oven (37
o
C) to open pollen 

recepticles. Pollen was transferred into a microcentrifuge tube to be used immediately or 

stored at 4
o
C.  

Before pollination, trees to be used in this experiment were identified and tagged. 

Cultivars used in this research were ‘Royal Gala’, Crab apples and ‘Twenty Ounce’. Two 

trees for each cultivar were selected and every cultivar was from the same rootstock. All 

flowers needed were pollinated and tagged at this point. To pollinate a flower, a small paint 

brush was dipped into the pollen and a blooming flower was brushed. The pollination process 

worked best before 11 AM. Unpollinated blooming flowers were identified by looking at the 

stigma of the flower. Unpollinated stigmas are white in colour while pollinated stigmas are 

brown in colour. Each pollinated flower was tagged for recognition for sample collection. A 

total of approximately 108 flowers were pollinated. 
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2.2.2 Sample collections/harvest 

Pollinated flowers or fruits were collected and dissected at various times (Figure 2.1). For 

studies of histology and gene expression, two biological replicates (referred to as Rep1 and 

Rep2) were prepared. RNA sample preparation began at the orchard. For earlier timepoints (2 

DAFB until 14 DAFB), 15 hypanthiums of flowers for each biological replicate were 

dissected to discard the ovaries using a scalpel before it was immediately frozen in liquid 

nitrogen. Frozen samples were stored at -80 
o
C.  

When the tree began to produce fruits (28 DAFB until 120 DAFB), 3 to 6 fruits per 

replicate were collected (these fruits were ground together prior to RNA extraction in order to 

obtain a homogenous sample). The fruit skins were discarded and only the mesocarp part of 

the fruits were taken and cut into 1 cm
3
 cubes and immediately frozen in liquid nitrogen. 

Unbloomed flowers were collected at 0 DAFB to be used as the control samples. For 

histology, 6 flowers for each cultivar and each timepoint were brought back to the laboratory 

to be fixed in two types of fixative solutions (3 flowers for formalin acetic acid alcohol 

(FAA) and 3 flowers for 10% neutral buffered formalin (10% NBF)) before being stored at 

4
o
C. The timecourse followed was as described in Figure 2.1.  

Figure 2.1. Number of days after full bloom (DAFB) selected for sampling (Season 1). 

2.2.3 Histology studies 

Flowers and fruits that were collected for histology studies were fixed in two types of fixative 

solution.  

2.2.3 (a) Tissue fixation 

For histology samples, 3 hypanthiums each were put into two beakers containing either FAA 

or 10% NBF. The samples were run through a vacuum until all hypanthium sank, indicating 

that the fixative solution had penetrated into the cells and the fixation process completed. The 

fixed hypanthiums were next transferred into a microcentrifuge or Falcon tube together with 

the fixative solution. The tubes were stored at 4
o
C. 
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2.2.3 (b) Tissue processing 

Fixed samples were transferred into a Falcon tube containing 70% ethanol and loaded onto 

the Tissue-Tek VIP tissue processor (Sakura Finetek, Netherlands). Processing took place 

overnight. Each sample was then put in a cassette and labelled accordingly with pencil. Each 

timepoint had 3 replicates (from 3 individual fruits). A total of 30 samples were processed for 

‘Royal Gala’, ‘Twenty Ounce’, and Crab apples.  

2.2.3 (c) Tissue embedding 

After tissue processing was performed, the cassette was taken out. By using a wax embedding 

machine (Leica Microsystems, Germany), each sample was embedded into paraffin wax. The 

sample was specifically embedded in the transverse position so that it could be cut vertically. 

A total of 90 samples were embedded. 

2.2.4 Section cutting 

Three individual replicates for each timepoint and each cultivar were sliced using the Leica 

RM2025 microtome (Leica Microsystems, Germany) and then mounted side-by-side on one 

microscope slide and labelled. Therefore, each timepoint produced one slide consisting of 

three replicates. The paraffin wax block was sliced into 10 µm thickness and a continuous 

ribbon of slices was produced. Using forceps, the slice was carefully transferred into a water 

bath (42
o
C). Meanwhile, a microscope slide was coated with albumin solution to aid the slice 

adherence to the slide. The tissue slice was carefully transferred onto the coated slide. These 

steps were repeated until all three replicates were mounted on the slide. The slide was dried at 

room temperature for at least 1-2 hours. The slide was then stored in a microscope slide box 

at room temperature until staining. For each cultivar, a total of 10 slides were produced. 

2.2.5 Section staining 

During Season 1 histology studies, two types of dyes were used to stain the sections in order 

to obtain the best staining dye that gives better view of the cells under microscope. During 

Season 2 histology studies, all sections were stained using Safranin (1%)-Fast Green (0.5%) 

staining. 
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2.2.5 (a) Toluidine Blue O staining 

Toluidine Blue O staining was begun with removal of the wax. A slide was preheated at 60
o
C 

on a heat block for 10 min. The next staining steps onwards were done in a fume hood. The 

slide was dewaxed in xylene for 5 min in a stainer bath and then rinsed in 100% ethanol to 

remove the xylene for 5 min. It was then transferred into 95% ethanol for 2 min and slightly 

shaken a few times, and next transferred into tap water until it was clear. At this point, the 

slide was left to dry on the bench. Afterwards, a drop of toluidine blue was put onto the 

section and covered with a cover slip. The slide was observed under the microscope with a 

bright field, and photographed. 

2.2.5 (b) Safranin (1%)-Fast Green (0.5%) staining (Saas, 1968) 

After observing sections stained with toluidine blue, safranin (1%)-fast green (0.5%) staining 

was used for all the samples. The protocol followed Saas (1968) with several modifications. 

Prior to the staining process, the slides were pre-heated to 60
o
C on a hot plate or an oven. The 

next staining steps were done in a fume hood. A heated slide was dewaxed in xylene for 5 

min in a stainer bath, and then hydrated through ethanol (95%) 2 times in separate baths (2 

min each). Slides were next washed briefly under running tap water and drained. The slides 

were stained in 1% aqueous safranin for 30 min. Then, they were rinsed under running tap 

water until no safranin appeared from the sections. Subsequently, the slides were dehydrated 

rapidly through two changes of absolute ethanol in separate baths and transferred into carbol-

xylene (1 vol. phenol, 3 vol. xylene) for 1 min. The slides were then passed through one 

change of xylene for 5 min, followed by the slides being mounted with resin and covered 

with a cover slip. A total of 30 slides were stained (each slide consisted of up to 3 replicates 

(individual fruit)). 

2.2.6 Microscopy 

All the stained sections were observed under a Leica DMR500 microscope (Leica 

Microsystems, Germany) using the bright light field. To obtain an adequate number of cells 

for cell counting, the image of samples with bigger cells (timepoint 28 until 120) was taken 

using smaller magnification compared to earlier timepoints (0 until 14). Images of timepoint 
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0 until 7 were taken using 20X objective (100 µm), timepoint 14 using 10X (200 µm), and 

timepoint 28 until 120 using 5X objective (500 µm). A total of 90 images were taken. 

2.2.7 Average cell size measurement 

All images taken (Section 2.2.6) were used for cell count work. Cell images for each replicate 

of each timepoint (of each cultivar) were counted using ImageJ software (imagej.nih.gov/ij/). 

A standardised of grid was projected onto each image. Four complete grids were chosen and 

labelled from A to D as illustrated in Figure 2.2. The cells were counted following the order 

(shown using the arrows). Cell numbers counted in the A, B, C, and D grids were recorded 

separately. Total grid size of all the grids calculated was 42368 µm
2
. Total cell numbers of all 

the grids were divided by the total grid size in order to obtain average cell size. After the data 

was obtained, a graph was plotted using Microsoft Excel 2007 (Microsoft Corporation, 

USA). Protocols were adapted from Johnson et al. (2011). 

 

Figure 2.2. Cell count grid order illustration. 

2.3 Fruit size control (Season 2) 

Experiments for fruit size control cover the season of October 2013-April 2014. 

2.3.1  Pollen preparation and pollination 

Pollen was obtained from unpollinated ‘Granny Smith’ flowers following the protocol 

described in Section 2.2.1. Approximately 126 of each ‘Royal Gala’, ‘Twenty Ounce’, and 

Crab apple bloomed flowers were pollinated and tagged. Pollination steps followed identical 

to that described in Section 2.2.1.   

Microscopy 

image 
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2.3.2 Samples harvest and dissection 

Pollinated flowers and fruits were collected and harvested similar to what was described in 

Section 2.2.2. However, the timepoints were slightly changed. Flowers or fruits were 

collected at 12 timepoints (Figure 2.3). Timepoint 0 DAFB was unbloomed but there existed 

ballooning flowers (as controls). During this season, all three cultivars underwent gene 

expression and histology assessment. Flowers for histology were collected and put it into a 

wet seal bag and brought back to the laboratory to be fixed in 10% NBF fixative (Section 

2.2.3 (a)). The flowers to be fixed (3 flowers for each cultivar and timepoint) were measured 

based on width using a calliper prior to fixation. Next, the reading was recorded. Then, 

pictures of the flowers and fruits were captured. At the orchard, samples for RNA extraction 

were dissected as described in Section 2.2.2 (2 replicates [Rep1 and Rep2], 9 flowers each) 

and frozen in liquid nitrogen, followed by storage at -80
o
C until RNA extraction.  

 

Figure 2.3. Number of DAFB selected for sampling (Season 2).  

2.3.3 Histology slide preparation and cell size measurement 

For histology, samples were fixed in 10% NBF fixative solution only. The section underwent 

similar procedures as described in Section 2.2.3 (b) until 2.2.7 (exclude toluidine blue 

staining) until cell size measurement stage.     

2.3.4 RNA extraction (maxi-prep) 

For gene expression, RNA was extracted from all frozen tissues that were collected following 

a protocol used on pine needles (Chang et al., 1993; Schaffer et al., 2007). The whole 

experiment took two days to complete. All solutions for RNA extraction were prepared prior 

the experiment and all work was done in a fume hood. Volume measurement described in the 

aforementioned protocol is for one sample only. On day one, RNA extraction buffer (15 ml) 

was pipetted into a sterile 50 ml SS34 centrifuge tube (autoclaved and rinsed with 

chloroform) or a clean Falcon tube, then added to 300 µl β-mercaptoethanol. It was then 

warmed at 65
o
C in a water bath for at least 30 min (for safety, the lid was not tightly capped 



Chapter 2: Materials and Methods 

52 

 

to prevent it from popping out). Frozen tissue for Rep 1 was ground using an electric grinder. 

Prior to grinding, the grinder lid, the inner part of the grinder, and spatulas were cooled with 

liquid nitrogen.  

All frozen tissue for each replicate was ground to produce homogenous tissue from 

different individual fruits. The ground tissue was then put back into its tube (always 

submerged in liquid nitrogen). Next, about 5 g of ground tissue was weighed and added into 

the heated buffer (the tube was held sideways) and vortexed after the addition. This was 

followed by returning the tube to the water bath for a minute to re-warm or just left at room 

temperature while the rest of the samples were processed. 15 ml of 24:1 chloroform:isoamyl 

alcohol (Chl:Iaa) was then added and the tube was inverted vigorously. The tube was next 

spun at room temperature for 10 min at 10,000 rpm (SS34 Heraues/Thermo F13 rotor). The 

supernatant (top layer) was transferred into a sterile SS34 tube (autoclaved and rinsed with 

choloroform) or a clean Falcon tube. Subsequently, RNA was re-extracted with 15 ml of 

Chl:Iaa. The tube weight was balanced with Chl:Iaa prior to centrifugation. Afterwards, the 

tube was spun at room temperature for 10 min at 10,000 rpm. The upper layer (the nearest 

volume was estimated) was transferred into a sterile SS34 tube (autoclaved and rinsed with 

choloroform) or a clean Falcon tube. An appropriate volume of LiCl (cold) was added to give 

a final concentration of 2 M LiCl and then inverted several times. This was left at 4
o
C 

overnight.  

On day two, SSTE buffer was pre-warmed in a 65
o
C water bath. The samples were 

spun at 10,000 rpm at 4
o
C for 30 min (tube weight was balanced with LiCl prior to 

centrifugation). The supernatant was discarded and the tubes were inverted briefly on a paper 

towel to drain the excess solution. The pellet was left at room temperature to dry for 10 min. 

Next, the pellet was dissolved with 500 µl SSTE and transferred to an RNAse-free 

microcentrifuge tube. The microcentrifuge tube was warmed on a 37.5
o
C heating block if 

there was precipitation for 10 min or until precipitation is clear. The tube was then vortexed 

and extracted using 500 µl of Chl:Iaa and vortexed again (steps: vortex-Chl:Iaa-vortex). A 

cloudy solution was produced. After, the tube was centrifuged at 10,000 rpm for 10 min at 

room temperature. The supernatant was transferred into a new microcentrifuge tube (RNAse-

free). Two volumes of ice cold 70% ethanol (approx. 1 ml) was added to precipitate the RNA 

and then stored at -80
o
C for 30 min. It was centrifuged at 4

o
C for 20 minutes at 10,000 rpm, 
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then the supernatant was discarded and the pellet resuspended in 50 µl RNAse-free water. 

The RNA concentration was measured with a NanoDrop Spectrophotometer (ND-1000; 

NanoDrop™, USA) using 1 µl of RNA and was blanked using 1 µl RNAse-free water prior 

to measurement. Finally, 250-500 ng/µl of sample was electrophoresed in 1% (w/v) gel 

agarose. The RNA was stored at -80
o
C until use. All RNA concentrations measured for each 

sample and replicate over the two seasons of harvest are included in the Appendices. 

2.3.5 Electrophoresis gel agarose 

After PCR was completed, 1 µl of 10X BlueJuice Gel Loading Buffer (Life Technologies, 

USA) was added to each sample and mixed briefly by tapping several times. The samples 

were then loaded into 1% agarose gel containing RedSafe staining solution (Chembio, UK) in 

1X TBE buffer. 7 µl of 1 kb Plus DNA Ladder (Invitrogen, USA) was also loaded. The 

electrophoresis was run at 100 V for 20 min and upon completion, the gel was visualised 

using GelDoc (Bio-Rad, USA). The gel image was then photographed.  

2.3.6 First strand cDNA synthesis 

Prior to cDNA synthesis, RNA was cleaned using RNeasy Plant mini kit (Qiagen, USA) 

following the manufacturer’s protocol before undergoing DNAse treatment using Ambion 

DNAse treatment kit (Life Technologies, USA). The concentration of each sample was 

obtained using a NanoDrop Spectrophotometer (ND-1000; NanoDrop™, USA). One µg/µl 

cDNA was synthesised using Superscript III First Strand Synthesis (Invitrogen, USA) from 

the total RNA. PCR was performed using the MdActin primer to check cDNA quality through 

1% (w/v) electrophoresis gel agarose.  

2.3.7 Polymerase chain reaction (PCR) 

PCR was carried out according to the manufacturer’s protocol. Phire Taq polymerase was 

used to catalyse the reaction (Thermo Scientific, USA). Each reaction volume prepared was 

20 µl. PCR reactions (Table 2.2) were carried out using a standard PCR thermal cycler (Bio-

Rad, USA) under suitable PCR conditions (Table 2.3). Concentrations shown in the table are 

the final concentrations used in each reaction. 
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Table 2.2.  PCR reaction components used for target genes screening. 

Component 1X reaction (µl) 

5X Phire buffer 4 

dNTP (200 µM) 0.4 

MdActin primer (Forward) 1 µM 1 

MdActin primer (Reverse) 1 µM 1 

Phire Taq polymerase (0.04 U/µl) 0.4 

PCR distilled water 12.2 

Template cDNA (20 ng/µl) 1 

Total volume 20 

The PCR profile employed was from the manufacturer’s manual, specifically the 3-step 

protocol. 

Table 2.3. PCR reaction conditions used to screen target genes. 

 

   

 

 

 

2.4 Design of markers 

2.4.1 MdCDKB2:2  

The first marker designed was MdCDKB2:2. By using the GeneBank accession number 

(CN943384) that was published in Janssen et al. (2008), the cDNA sequence was searched 

for on the NCBI website. The sequence was then copied and blasted on the Genome Database 

of Rosaceae (GDR) website. The results indicated that there were three chromosomes where 

CDKB2:2 could be located - Chromosome 6, Chromosome 6 (haploid 1) and Chromosome 9. 

The accession number/code of the three sequences were analysed against the GDR database. 

The gene model sequence code for Ch6 was MDP0000418062. The gDNA, which was in 

reverse sequence, was saved in Notepad (Microsoft Corporation, USA). The cDNA sequence 

was also saved in a separate Notepad file. At this point, there were three gDNAs and cDNAs 

obtained. Using Geneious Pro software (http://www.geneious.com, Kearse et al., 2012), each 

Steps Temperature (
o
C) Duration Cycle 

Initial denaturation 98 30 s  

Denaturation 98 5 s 

35 Annealing 56-65 8 s 

Extension 72 1 min 

Final extension 72 1 min  

Hold 15 ∞  

http://www.geneious.com/
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of the gDNA files were imported and were reverse complemented. All cDNA files were also 

imported into the software.  

Within Geneious, all three cDNAs were aligned and the consensus sequence was 

saved in a Notepad file. All three gDNAs (reversed) were also aligned and saved in another 

Notepad file. The aligned consensus sequence of both the cDNA and gDNA were then 

further aligned, and exons and introns could be predicted. From there, two pairs of primers 

were designed, named CT3 and CT4. CT3 was designed to span an entire intron while CT4 

did not (using Primer 3 online freeware; www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi/). The CT3 forward primer was designed by taking 10-mer 

from the edge of exon1 and 10-mer from the edge of exon2 in the start region. The reverse 

primer was designed by taking 20-mer from another exon so that the product would be in the 

range of 80-100 bp. The primer sequence was then analysed using online software, IDT Oligo 

Analyser (http://sg.idtdna.com/calc/analyzer). Several parameters were considered, such as 

the G/C percentage (at least 50%), the possibility of a primer dimer, hairpin, the melting 

temperature between the pair (65
o
C and above; the Tm difference between forward and 

reverse must not be as high), and product size (between 80-100 bp only). The designed 

primers were next opened using IDT to be synthesised. After several molecular tests of each 

primer synthesised, CT3 was chosen for use in subsequent experiments as the MdCDKB2:2 

marker. Primer efficiency was evaluated using qPCR. 

2.4.2 MdANT2 

Primer sequence for MdANT2 was re-synthesised from Dash and Malladi (2012). Primer 

efficiency was evaluated using qPCR. 

2.4.3 MdARF106 

An MdARF106 primer was designed using the same method detailed in Section 2.4.1. The 

MdARF106 accession number is MDP0000232116 (Devoghalarae et al., 2012). A pair of 

primer was created. Primer efficiency was evaluated using qPCR. 
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2.4.4 MdEXP3 

The MdEXP3 accession number is MDP0000670959. Primers were designed as described in 

Section 2.4.1. Primer efficiency was evaluated using qPCR. 

2.4.5 MdACO1 

This primer sequence was re-synthesised from published work of Kolarič et al. (2011). 

Primer efficiency was evaluated using qPCR. 

2.4.6 MdPG1 

This primer was obtained from the previous work of Plant Molecular Biology Lab at the 

University of Auckland. Primer efficiency was evaluated using qPCR. 

2.4.7 MdActin 

This primer sequence was re-synthesised from published work of Kolarič et al. (2011). 

Primer efficiency was evaluated using qPCR. 

2.4.8 MdGAPDH 

This primer was re-synthesised from published work of Dash et al. (2013). Table 2.4 shows 

the primer sequences generated. Primer efficiency was evaluated using qPCR. 
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Table 2.4. Primer sequences for qPCR analysis 

Primer Sequence 5’-3’ 

MdCDKB2:2 TGCACAGGGATCTTAAGC 

MdCDKB2:2 ATACTTCTTGAGTGGCAC 

MdANT2 CCAAGGTGATCGAACCTAACATTGCAG 

MdANT2 TCCTCCAATGCCATTGAGAATGAGAGA 

MdARF106 GAGGGGAAGCCGTTTGAGGT 

MdARF106 GCCGTCCAAAACACCTTCAAT 

MdEXP3 GATGCAGGAGAAGAGGAGGC 

MdEXP3 ATTGCACATCTCCAGCACCA 

MdACO1 CAGTCGGATGGGACCAGAA 

MdACO1 GCTTGGAATTTCAGGCCAGA 

MdPG1 TGAACACTTTGCAGCACGAT 

MdPG1 GGCGGTTCAAGTGAAAAATG 

MdActin ACCATCTGCAACTCATCCGAACCT 

MdActin ACAATGCTAGGGAACACGGCTCTT 

MdGAPDH TGAGGGCAAGCTGAAGGGTATCTT 

MdGAPDH TCAAGTCAACCACACGGGTACTGT 

 

2.5 Real-time RT-PCR analysis (qPCR) 

Specific markers for each stage of fruit development which were identified and designed 

were subsequently underwent primer efficiency testing prior to employment with qPCR.  

2.5.1 Primer efficiency 

All of the primers utilised in the present work were tested for efficiency by qPCR before 

actual use on samples. Efficiency tests were done using suitable timepoints as trial samples 

(cDNA template) for each primer tested (Table 2.5). Two replicates were prepared for each 

primer (the marker). Each cDNA template was diluted in 5 serial dilutions of 10-fold dilution 

series.  
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Table 2.5. Timepoints of days after full bloom (DAFB) used on primer efficiency test. 

 

 

 

 

 

 

 

 

 

qPCR components for each reaction were as stated in Table 2.6. After qPCR was complete, 

the efficiency percentage and the amplification factor were calculated. The optimum 

efficiency range was between 1.8 to 2.0. An efficiency value of 2.0 indicates perfect 

replication of PCR product during each cycle.  

2.5.2 qPCR reaction 

By using 20 ng/µl cDNA (final concentration), qPCR was performed on all samples with the 

markers, MdCDKB2:2 and MdEXP3. Each well contained a 10 µl total volume. Template 

cDNA was added last after the other component mixture (8 µl) was added to each well. Data 

was normalised using MdGAPDH. Table 2.6 shows qPCR components of each qPCR 

experiment. Concentrations shown in the table are final concentrations. 

  

Primer cDNA template 

(DAFB) 

MdCDKB2:2  7 

MdANT2 2 

MdARF106 60 

MdEXP3 28 

MdPG1 120 

MdACO1 120 

MdActin 0 

MdGAPDH 0 
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Table 2.6. qPCR components. 

Component 1X reaction (µl) 

SYBR Green Master Mix (Applied Biosystems, USA) 5 

Primer (Forward) 0.5 µM 0.5 

Primer (Reverse) 0.5 µM 0.5 

Nuclease-free water 2 

Template cDNA (20 ng/µl) 2  

Total volume 10 

 

qPCR analysis of test samples was carried out using the same protocols. Three replicates of 

each reaction were prepared for each of the 8 markers used. qPCR was done on both 

biological replicates (Rep1 and Rep2) for each season’s samples. 

2.5.3 qPCR data analysis 

qPCR data was analysed using the Livak Method (ΔΔCT) (Livak & Schmittgen, 2001) or 

using the ΔCt method and normalised against MdGAPDH.  

2.5.4 Statistical analysis 

All data in this research were analysed by ANOVA using SPSS version 22 (IBM 

Corporation, USA) or the t-test method using Windows Microsoft Excel 2007 (Microsoft 

Corporation, USA). Data was judged with p-value <0.05 to accept the significant difference. 

Post ANOVA, when significance difference was obtained, Tukey’s HSD test was carried out 

for separation of means at significance <0.05. 

 

2.6 Callus induction 

Apple tissue culture was begun using mature apples. Later, the same methodology was 

repeated with young apples (28 DAFB). After the callus failed to regenerate in the liquid 

medium or solid medium (once callus was separated from explants), tissue culture was 

repeated using 42 DAFB fruits according to the same methodology.  
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2.6.1 Surface decontamination of apples and callus initiation. 

All solutions required for this experiment were prepared fresh. Fruits were rinsed with 

distilled water and allowed to dry on a sterile empty petri dish for the laminar flow. Using a 

sterile blade, the fruits were cut to isolate the mesocarp (the flesh near the skin) which was 

then put into a sterile beaker. The tissues were cubes 1 mm thick. The flesh cubes were 

decontaminated using a sterilisation series of 150 ml 0.02% Tween 20 for 3 min, briefly 

swirled inside 150 ml of 70% ethanol, then transferred into 150 ml of 1% sodium 

hypochlorite (NaOCl) for 3 min and rinsed five times with 150 ml sterile distilled water. 

Subsequently, the cubes were transferred onto Murashige & Skoog (MS) medium agar 

containing 4.3 g/L MS salts, 30 g/L sucrose, L-asparagine (final concentration: 1.2 mM), 

ascorbic acid (284 µM), thiourea (328 µM), myo-inositol (555 µM), Ca-Penthotenate (2 µM), 

nicotinic acid (8 µM), thiamine HCL (3 µM), pyrodoxin-HCL (4.8 µM), biotin (0.04 µM), 

and 2,4-Dichlorophenoxyacetic acid (2,4-D) (4.5 µM). The plates were sealed using 

micropore tape and incubated at 24
o
C in the dark for about 1.5 month.  

2.6.2  Assessment of callus growth and callus maintenance 

Once callus was clearly produced from the explants (cortex), callus pictures were taken using 

a dissecting microscope with an attached camera for recording. The callus was then separated 

from explants and transferred onto new MS medium agar with the same composition 

containing 4.5 µM 2,4-D. The plates were sealed and incubated at 24
o
C in the dark for about 

1 month. 

2.6.2 (a) Optimisation of hormone combinations for callus growth 

When the callus was separated from its explant, it was found that it did not multiply on the 

same medium compositions (containing only 4.5 µM 2,4-D). In fact, the callus eventually 

died and had to be discarded. New callus was initiated from fresh cortex tissues on medium 

containing cyotkinin 6-Benzylaminopruine (BAP) with hormone combinations 4.5 µM 2,4-

D:4.5 µM BAP. Despite promising growth of the callus produced from the explants, it was 

stiff and not friable.  



Chapter 2: Materials and Methods 

61 

 

 Therefore, several hormone combinations were screened to obtain optimum 

concentrations of the callus to multiply and increase friability. At this stage, grown callus was 

separated from explants and transferred onto several types of solid MS media with each of 

them consisting of eleven different concentrations of 2,4-D:BAP. Pictures of Day 0, Day 16, 

and Day 46 were taken to monitor growth under a dissecting microscope attached with a 

camera (Nikon SMZ 745T, Japan). The plates were sealed and incubated at 24 
o
C in the dark 

for about 1 month. Concentrations tested are shown in Table 2.7. 

Table 2.7. Hormone combinations tested for friable callus growth. 

 

 

 

 

 

 

 

 

2.6.2 (b) Callus maintenance on solid medium 

From the optimisation tests described earlier, it was found that 4.5 µM 2,4-D:4.5 µM BAP 

supported the best growth and friability of the callus when separated from the explants. This 

concentration was then used for callus adaptation on the medium. The callus was next 

subcultured for about 6 subculture cycles to allow adaptation of the callus on the medium. 

During each subculture, the callus was incubated at 24
o
C in the dark for about 1.5 month until 

the next subculture. 

 

2.7 Cell culture initiation and establishment 

After about 9 months (6 subcultures) of maintaining the callus on solid medium to allow it to 

adapt to growing without its explants, the callus was then used to initiate cell culture in the 

liquid medium. 

2,4-D (µM) 6-BAP (µM) 

3 3 

3 2 

6 6 

4.5 2.5 

4.5 3 

4.5 3.5 

4.5 4.5 

4.5 4 

2 2 

9 9 

4.5 (NAA) 4.5 
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2.7.1 Optimisation of growth medium composition 

Using 1 month old calluses grown on 4.5 µM 2,4-D:4.5 µM BAP, the tissue was transferred 

into 20 ml of MS liquid medium supplemented with the same hormone combination (4.5 µM 

2,4-D:4.5 µM BAP). It was found that the hormone concentration used in cell culture also 

needed to be optimised. The 4.5 µM 2,4-D:4.5 µM BAP combinations did not yield the best 

growth and produced large cell clumps despite showing optimum growth on solid medium. 

Referring to the literature, the concentration of auxin seems to be involved in producing the 

cell clumps as higher concentrations of auxin will produce smaller clumps (Wallner & 

Nevins, 1973). Using 1 month old calluses, several cell cultures were initiated in each 20 ml 

MS medium with similar components as those used on solid medium but with different 

hormone combinations. These included 4.5 µM 2,4-D:2.5 µM BAP, 4.5 µM 2,4-D:3.5 µM 

BAP, 4.5 µM 2,4-D:3 µM BAP, 6 µM 2,4-D:6 µM BAP, 4.5 µM 2,4-D:4 µM BAP, 4.5 µM 

2,4-D:4.5 µM BAP and 5 µM 2,4-D:0.5 µM BAP. Apart from these particular cultures, 

cultures grown with 4.5 µM 2,4-D:4.5 µM BAP was still kept subcultured. The cell cultures 

were shaken at 80 rpm at 24
o
C in the dark for 1 month until new cells were generated and 

released to the medium. The fine suspension cells were then separated from the callus by 

transferring (avoiding large clumps) them into a new sterile flask with 5 ml of fresh medium. 

Another 5 ml of fresh medium was added every week. After 2-3 weeks, the suspension 

culture was subcultured. Total volume of cell cultures was around 30-35 ml. Optimum 

growth was determined by visual observation of medium thickening and by using a light 

microscope (Leica Microsystems, Germany). 

2.7.2 Maintenance work and subculture 

From the growth optimisation test, it was found that 5 µM 2,4-D:0.5 µM BAP and 4.5 µM 

2,4-D:4.5 µM BAP produced the most suitable growth, with the former showing better 

growth (smaller cell clumps) than the latter. However, it was decided to keep both cultures 

alive. Both cell cultures were then subcultured separately by transferring them into fresh MS 

medium (same compositions) and then incubated at 24
o
C in the dark at 80 rpm for two weeks 

before further subculture. To subculture, 30 ml of cell culture was split and transferred into 

two new 250 ml flasks. Fresh medium (10 ml) was added to each flask and both were 
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incubated again at 24
o
C in the dark at 80 rpm for two weeks. From this step onwards, cell 

cultures in both flasks were subcultured separately.  

After two weeks, 15 ml of the cell culture (referred to as an existing culture) was 

transferred into a sterile flask. 15 ml of fresh medium was then added into the flask. Ratio of 

dilution (existing culture:fresh medium) used at this point was 1:1 (v/v). The flasks were 

incubated again under similar conditions as previous. After two weeks, 20 ml of existing 

culture was transferred into a sterile flask and added along with 25 ml of fresh medium before 

being incubated again. The dilution ratio used was 1:1.25. With the next subculture, 20 ml of 

existing culture was transferred into a sterile flask and added with 30 ml of fresh medium 

before incubation taking place again. The dilution ratio used was 1:1.5. For the following 

subculture, 20 ml of existing culture was transferred into a sterile flask and added along with 

35 ml of fresh medium before being incubated once more; the dilution ratio used was 1:1.75. 

Finally, 20 ml of existing culture was transferred into a sterile flask and added along with 40 

ml of fresh medium before being incubated again. The dilution ratio used was 1:2 (v/v) for 

this subsequent subcultures.   

2.7.3 Characterisation of the established cell cultures 

Rapidly dividing cell culture presence was confirmed consistent with two approaches: growth 

curve using fresh weight and gene expression (qPCR).   

2.7.3 (a) Growth curve 

The fresh weight of cells from 1 ml of culture was measured every day throughout 14 days of 

culturing. An empty cell strainer with a 40 µm pore was weighed, and a reading was recorded 

(Reading 1). The strainer was assembled with a 50 ml Falcon tube to act as collection tube. 

Under laminar flow, 1 ml of culture was transferred onto the strainer and the assembled unit 

was spun down with a speed of 300xg for 2 min. The strainer containing the cells was 

disassembled from the Falcon tube and weighed immediately (Reading 2), and the weight 

was recorded. The cells’ fresh weight was obtained by subtracting Reading 2 to Reading 1. 

The cells on the strainer were then transferred into a sterile microcentrifuge tube and frozen 

immediately in liquid nitrogen. The tube was stored in -80
o
C for RNA extraction. Growth 

curves were generated from the fresh weight readings. RNA was isolated from the frozen 
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samples and subsequently underwent cDNA synthesis and qPCR analysis as described 

earlier.     

2.7.3 (b) RNA extraction (mini-prep) 

RNA extraction buffer (900 µl per sample) was added with 18 µl of β-mercaptoethanol (per 

sample) and the mixture was pre-warmed at 65
o
C in a water bath. Frozen tissue 

(approximately 150 mg wet weight) was ground to corn flour consistency in liquid nitrogen 

using a chilled mortar and pestle. The mortar was placed half height in liquid nitrogen while 

grinding. Ground and unground samples were kept in liquid nitrogen throughout the process. 

The pre-warmed mixture (918 µl) was added to each grounded sample in each 2 ml 

microcentrifuge tube. The tube was subsequently vortexed vigorously until homogenous and 

incubated at 65
o
C for 10 min. An equal volume of 24:1 chloroform:isoamylalcohol (Chl:Iaa) 

was added and also vortexed vigorously. The tube was centrifuged at a speed of 11,000xg for 

10 min at 4
o
C. The upper supernatant was transferred to a clean 2 ml microcentrifuge tube 

and re-extracted with equal volume of Chl:Iaa. The tube was next centrifuged again at 

11,000xg for 20 min at 4
o
C. The upper supernatant was then transferred to a clean 1.5 ml 

microcentrifuge tube and was added along with 3 M lithium chloride solution (LiCl) (final 

concentration), being 450 µl from 6 M LiCl stock.  

At this point, the tube was inverted to mix and incubated on ice for 30 min. In the 

meantime, SSTE buffer (500 µl per sample) was pre-warmed at 65
o
C. After incubation, the 

tube was centrifuged at 16,000xg for 30 min at 4
o
C. Supernatant was discarded and the pellet 

was resuspended in 500 µl SSTE buffer and was added along with equal volume of Chl:Iaa 

(500 µl per sample). The tube was inverted vigorously to mix and was centrifuged at 

11,000xg for 10 min at 4
o
C. The upper supernatant was transferred into a sterile 1.5 ml 

microcentrifuge tube and precipitated with 350 µl (equals to 0.7 vols) of cold isopropanol. 

The tube was immediately centrifuged at 16,000xg for 45 min at 4
o
C. Supernatant was 

discarded and the pellet was washed with 70% ethanol and air dried. Following this, the 

pellet was resuspended in 50 µl RNAse-free water. RNA concentration was obtained using a 

NanoDrop Spectrophotometer (ND-1000; NanoDrop™, USA), and the RNA was stored at -

80
o
C.    
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2.7.4 Viability test 

A 12 day old cell culture was used for viability testing using 1% Evans Blue dye, as 

described by Silva and Menéndez-Yuffá (2006). Positive and negative controls were prepared 

by using fixed cells (unviable cells) and unstained viable cells, respectively. One ml of 12 

day old cell culture was transferred into a clean microcentrifuge tube. The cells were 

collected by centrifuging at 1000 rpm. The supernatant was discarded using a micropipette. 

100 µl 1% (v/v) Evans Blue dye was added to the cells and incubated at room temperature for 

10 min, then centrifuged at 1000 rpm before resuspension in 1 ml distilled water. Stained 

cells were observed under a Leica DM500 microscope (Leica Microsystems, Germany) using 

bright light field. Control tests were prepared with cell cultures fixed in 70% ethanol 

(unviable cells). The fixed cells were then stained using the same protocols as described 

earlier. Unstained cells (viable) were also prepared by putting 50 µl of live cell culture onto a 

slide and observed under a similar microscope. Images of the sample as well as the positive 

and negative controls were taken. 

 

2.8 Induction of cell expansion and ripening in cell cultures 

Cell cultures were treated with a wide range of hormone combinations on a 96-well plate in 

order to get a general sense of the cells’ responses to the hormones tested. From the 96-well 

plate results, 23 promising hormone combinations were selected and similar treatments were 

repeated again using these concentrations on 24-well plate. Of these, the 5 concentrations that 

showed the largest expansion of cells were selected and repeated using a 6-well plate. During 

ripening induction, experiments were performing using a 6-well plate only. All work took 

place in a laminar flow hood. 

2.8.1 96-well plate screening 

A sterile 96-well plate (tissue culture treated) with flat bottom was used. The cell culture (60 

ml) was washed through a sterile cell strainer with 40 µm pores using a hormone-free MS 

medium. The cells were washed again using the hormone-free MS medium with three 

repeats. This culture was then resuspended in 60 ml hormone-free MS medium. Next, the 

culture (500 µl) was aliquoted into each well. Hormones were added in the concentrations 
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stated in Figure 2.4. No hormones were added to the control well. The plates were sealed 

using micropore tape and incubated at 24
o
C at 80 rpm in the dark for 4 days. Prior to 

incubation, control cells were also observed under a Leica DM500 microscope using bright 

field (Leica Microsystems, Germany). The images were taken and recorded as day 0. On the 

fourth day of incubation, cells from several wells (labelled alphabetically) (Figure 2.4) were 

observed under a similar microscope. Images were taken and recorded as day 4.  

 

Figure 2.4. Layout of a 96-well plate during cell expansion induction screening. Closed wells 

were those not used. 

   

2.8.2 Cell diameter measurement 

Using the images taken, the longest diameter of a cell was measured using ImageJ software 

(imagej.nih.gov/ij/). Up to 10 cells were measured for each well. Cell expansion was 

calculated by subtracting day 4 from day 0 measurements.  

2.8.3 24-well plate 

A promising 23 hormone concentration combinations were selected from the previous 

experiments. Eleven day old cell cultures were washed through a 40 µm pore size cell 

strainer with hormone-free MS medium. The steps followed were according to the similar 

protocol described in Section 2.8.1 except that 2 ml of the culture was transferred into each 

well. Prior to incubation, control cells were observed under the microscope and images were 

recorded as day 0. Control cells (2 ml) were flash-frozen and kept at -80
o
C until RNA 

extraction of the day 0 sample. Plates were sealed and incubated similarly to Section 2.8.1. 
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On day 4, images of each well were taken using a Leica DM500 microscope using bright 

field (Leica Microsystems, Germany) and recorded as day 4. Cells from each well (2 ml) 

were also collected and flash frozen in liquid nitrogen before being kept at -80
o
C for RNA 

extraction. The whole experiment and analysis was repeated a second time to confirm the 

outcomes. Average cell diameter was measured as described in Section 2.8.2. Total RNA was 

extracted from the frozen samples and qPCR was carried out using appropriate markers. 

  

 2.8.4 6-well plate 

Based on the previous results, five hormone combinations that showed the largest cell 

expansion were selected. Treatment was repeated again using a 6-well plate. Protocols 

followed were as described in Section 2.8.1 except that 10 ml of culture was transferred to 

each well. Incubation conditions were also similar to the previous. Prior to incubation, control 

cells were observed under a Leica DM500 microscope using bright field (Leica 

Microsystems, Germany) and images were recorded as day 0. 2 ml of the control cells were 

flash frozen in liquid nitrogen and kept at -80
o
C for RNA extraction as the day 0 sample. 

Microscopy images and samples for RNA extraction were taken every day until day 4. The 

whole experiment and analysis was repeated twice to confirm the outcomes. Total RNA was 

extracted from the frozen samples and qPCR was carried out using appropriate markers. 

Protocols were followed as described previously. By using the microscopy cell images taken 

on day 0, day 1, day 2, day 3, and day 4, the longest diameters of the expanded cells were 

measured using ImageJ software (imagej.nih.gov/ij/) as described in Section 2.8.2. At least 

10 expanded cells were measured for each day’s samples. Net expansion was determined by 

subtracting one day interval measurements from day 0 measurements. 

 

2.9 Phylogenetic analysis, promoter isolation, and transient assay of 35:DR5:GFP 

A phylogenetic tree was generated in order to investigate the relatedness of apple CDKs 

family with two well-known model plants which are Arabidopsis for dry fruit and tomato for 

fleshy fruit.  
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2.9.1 Phylogenetic analysis 

A number of CDK genes from Arabidopsis, apple, and tomato were taken from reports 

(Vandepoele et al., 2002; Huang et al., 2008; Malladi & Johnson, 2011; Xu et al., 2011b; 

Czerednik et al., 2012). Sequences were analysed using the Basic Local Alignment Search 

Tool (BLAST). All sequences then underwent BLASTn and tBLASTn to identify the 

homology. Nucleotide sequences were translated into protein sequences before protein 

homology between samples was validated using BLASTp. Sequences were aligned using 

multiple sequence comparison by log-expectation (MUSCLE) before a neighbour-joining 

phylogenetic tree was generated using Geneious Pro
™

 software (www.geneious.com) with 

500 bootstraps (Kearse et al., 2012).  

2.9.2  35S:DR5:GFP cloning and transient assays in tobacco plants 

The vector carrying 35S:DR5:GFP was isolated from E.coli cells obtained from a previous 

unpublished work of Plant Molecular Biology group (University of Auckland).  

2.9.2.1  Agrobacterium tumefaciens electrocompetent cell preparation 

Prior to transformation, fresh A. tumefaciens electrocompetent strain GV3101 cells were 

prepared. To yield a single colony, bacterial culture plates of strain GV3101 were readied by 

streaking the bacterial stocks onto fresh LB agar plates containing 25 mg/ml Gentamycin. 

The plates were incubated at 28
o
C for 1-2 days. After incubation, the plates were sealed and 

stored at 4
o
C. A single colony from GV3101 was streaked (lawn) onto a new fresh LB agar 

plate containing 25 mg/ml Gentamycin and incubated at 28
o
C for 1-2 days to produce a lawn 

bacterial culture. Suitable controls were also prepared. All cultures were made ready in sterile 

flasks and shaken vigorously at 250 rpm at 28
o
C overnight. Optical density (O.D) of each 

culture was checked every 30 min until it reached a range of 0.8-1.0. After suitable O.D was 

reached, the culture was poured into chilled Falcon tubes and kept on ice for 10 min, then 

centrifuged at 5000 rpm for 5 min at 4
o
C. The supernatant was discarded and the pellet was 

resuspended (wash #1) in ice cold 10% (v/v) glycerol (50 ml glycerol for each 100 ml LB 

culture). The tubes were centrifuged and resuspended 2 more times with 50 ml ice cold 10% 

(v/v) glycerol (3 washes in total). After the fourth centrifugation, the supernatant was 

carefully discarded and the pellet was resuspended in 1 ml ice cold 10% (v/v) glycerol (1 ml 
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glycerol for each 100 ml LB culture). Cells were aliquoted (50 µl) into each ice cold 

microcentrifuge tube. The tubes were labelled and stored at -80
o
C until use.  

2.9.2.2 Plasmid isolation 

This section describes the isolation of the vector plasmid carrying the construct for 

35S:DR5:GFP from E. coli. 

2.9.2.2 (a) Overnight culture 

In a laminar flow hood, two single colonies of 35S:DR5:GFP from the E. coli plate were 

chosen using a sterile toothpick and transferred onto a fresh amp-LB plate. Each colony was 

named either T1 or T2. The remaining bacteria on the toothpick was used for overnight 

culture by putting the toothpick into a Falcon tube containing 2 ml of fresh LB-amp (final 

concentration:100 µg/ml). The plates were incubated at 37
o
C and the Falcon tubes were 

incubated at 37
o
C and shaken at 200 rpm overnight. Glycerol stock solution was also 

prepared using the overnight culture and stored in a -80
o
C freezer.     

2.9.2.2 (b) Plasmid extraction 

Extraction was performed using a Roche High Pure Plasmid Isolation kit following the 

manufacturer protocols (Roche, USA). There were two samples of plasmids produced - T1 

and T2. The plasmid concentrations were measured using a NanoDrop Spectrophotometer 

(ND-1000; NanoDrop™, USA). The plasmids were kept at -20
o
C until use. 

2.9.2.2 (c) Plasmid digestion 

Both plasmids were singly digested using the restriction enzyme, HindIII (0.2 µl) (Roche, 

USA), plasmid DNA (500 ng/µl), and 10X NEB buffer (2 µl), then topped up with distilled 

water to make a final volume of 20 µL in sterile microcentrifuge tubes. The tubes were then 

vortexed and spun briefly. The tubes were incubated at 37
o
C on a hotplate (Bio-Rad, USA) 

for 2 hours. Gel electrophoresis of the samples was done by mixing 2 µL of 10X Blue Juice 

into 20 µL of sample. Protocols followed were as described in Section 2.3.5.   
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2.9.2.3 A. tumefaciens-mediated transformation via electroporation 

The plasmid was transformed into A. tumefaciens GV3101 electrocompetent cells (freshly 

prepared as described in Section 2.9.2.1) by using the electroporation method improvised 

from a previous report (McCormac et al., 1998). The vector-carrying insert was transformed 

into A. tumefaciens electrocompetent cells (strain GV3101) using the electroporation method 

using an electroporator (Bio-Rad, USA). A. tumefaciens electrocompetent cells and plasmid 

DNA (T1 and T2) were thawed on ice. Sterile microcentrifuge tubes and cuvettes were also 

kept on ice. Meanwhile, 1 ml of LB medium broth was put into a sterile 15 ml Falcon tube 

and placed at room temperature to be used later. At this point, 20 µL of electrocompetent 

cells were transferred to an ice cold 1.5 ml microcentrifuge tube. Then, 1 µL of plasmid DNA 

was added to the microcentrifuge tube.  

 The samples were gently mixed by tapping several times and transferred into a cold 

cuvette (microelectroporation chamber) and gently mixed by tapping several times. The 

cuvette was wiped dry and then pulsed with 2500 V (capacitance: 25 µF; resistance: 400 

ohms). Cuvette size was 2 mm. Subsequently, 1 ml of LB media was quickly added into the 

cuvette, flushed using a micropipette to mix the LB media with the cells and transferred back 

into the 15 ml Falcon tube. The cells were incubated at 28
o
C for 3 hours with vigorous 

shaking at 250 rpm. The cells were then plated (100 µL) onto selective LB plates containing 

100 µg/ml Carbenicillin and 25 µg/ml Gentamicin (final concentration). The plates were 

sealed and incubated at 28
o
C for 2 days. A single colony was streaked (lawn) to acquire more 

cells. Plates were sealed and incubated at 28
o
C for 2 days. After incubation was complete, the 

plasmid was isolated using High Pure Plasmid Isolation kit (Roche, USA) and then 

underwent plasmid digestion as described in Section 2.9.2.2 (c) to confirm insert. Glycerol 

stock solution was also prepared using the overnight culture and stored in a -80
o
C freezer.    

2.9.2.4 Transient assay by agroinfiltration into tobacco leaves 

Infiltration into tobacco leaves was performed to check whether the vector is functional. All 

solutions needed in this experiment were prepared: 1 M MgCl2, 100 mM Acetosyringone 

(AS) stock and infiltration media (IM). In a laminar flow hood, using a sterile glass spreader, 

the lawn-grown bacterial culture was resuspended in 5 ml IM in a sterile beaker. The 
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suspension was then transferred into a 15 ml Falcon tube. The tube was tilted for 2 hours until 

the O.D600 went to 0.5. The O.D600 was measured with 1:10 (v/v) dilutions and using IM 

solution as the blank.  

Four week old tobacco was used in this experiment. 2 hours before infiltration, the 

tobacco was watered to encourage stomatal opening. Auxin solution containing indoleacetic 

acid (IAA) with two different concentrations was prepared: 1 µM and 10 µM. By using a 

sterile 5 ml syringe without a needle, the cells were infiltrated into the back of leaves at 

several places on the leaves (separated by the leaves’ lateral veins). Two replicates for each 

IAA concentration were prepared. Then, IAA was infiltrated into the same spot of the 

infiltrated leaves. Two different concentrations of IAA were used and the leaves were 

labelled accordingly. Two controls were also prepared by infiltrating empty vector 

Agrobacterium with 1 µM IAA and 10 µM IAA. The controls were infiltrated on the same 

leaves as the samples but separated by the central main vein. The plants were left for 2 hours 

before being visualised using a Leica DM500 microscope (Leica Microsystems, Germany) 

(GFP excitation = 470/40 nm, emission = 525/50 nm). Images were captured.    
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Chapter 3: Studies on fruit size control through characterisation of three 

cultivars on whole fruit, cellular, and molecular levels 

 

3.1 Introduction 

Fruit size in apple is determined by the cells that make up the fruit, meaning that cell number 

and cell size are the important determinants, regulated by cell division and cell expansion, 

respectively (Dash & Malladi, 2012). An average size apple fruit has about 50 million cells: 

some apples grow larger in size because of to an increase in cell number while others increase 

in size by enlargement of the cells (Hirst, 2010). In this chapter, fruit of three different 

cultivars which differ in size were used to investigate the factors that determine fruit size. 

‘Twenty Ounce’ was utilised for the large sized apple, ‘Royal Gala’ for medium sized, and 

Crab apple for small sized. To investigate fruit size control between the cultivars, the fruits 

were characterised on three different levels: whole fruit, cellular, and molecular. 

  Apple fruit are a type of true fruit; fruit that grows from the hypanthium of the flowers 

(Devoghalaere et al., 2012). In this chapter, flowers were pollinated with ‘Granny Smith’ 

pollen when the plant reached full bloom (Janssen et al., 2008) and the developing fruits were 

harvested at 10 to 12 timepoints throughout the development period. During development, 

like many other plants, the hypanthium cells divide rapidly after fertilisation and fruit set in 

the cell division stage, which lasts until 30 DAFB and reaches a peak at 14 DAFB (Janssen et 

al., 2008). At this stage, the flower petals fall and the hypanthium width grows wider. The 

cells then expand during the cell expansion stage which begins at 20 DAFB and continues 

until the end of ripening stage (Janssen et al., 2008). This reaches a peak at 60 DAFB. The 

hypanthium continues to grow into a fruit. At 90 DAFB, the fruit reaches maturity and then 

achieves full ripening at 120-145 DAFB (Janssen et al., 2008). 

In the first season, flowers and fruits were collected at ten timepoints from before 

blooming until ripening. In the second season, flowers and fruits were collected at 12 

timepoints with closer intervals during early development. Two biological replicates of 

pollination and harvesting were performed for histology and gene expression studies. This 
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chapter describes whole fruit characterisation on the molecular and cellular levels, inclusive 

of the histology and physiology of fruit size. 

 

3.2 Fruit characterisation on the fruit morphology and cellular level 

3.2.1 Fruit width measurement 

Whole fruit characterisation was carried out during the Season 2 harvest only. Flower and 

fruit images were captured at each timepoint in order to observe changes in fruit size 

throughout development. Figure 3.1 shows fruit images of ‘Twenty Ounce’ flowers and fruits 

throughout development. Figure 3.2 shows fruit images of ‘Royal Gala’, and Figure 3.3 

shows fruit images of Crab apple. The fruit images indicate fruit sizes at each timepoint in 

fruit development which proceeds through fruit set, cell division, cell expansion, and 

ripening. Throughout fruit development, fruit sizes between cultivars were monitored using 

two approaches: fruit diameter and whole fruit images. At each timepoint, three individual 

hypanthium or fruit widths per cultivar were measured using a calliper. Replicates were 

prepared in order to obtain more valid results. The measurement average was plotted against 

time (Figure 3.4).  

The fruit images allowed visual observation of fruit growth throughout the 

development process. This was useful to create initial hypotheses prior to deeper analysis. 

During early fruit development, at the cell division stage (timepoint 0 DAFB until 14 DAFB), 

‘Twenty Ounce’ (Figure 3.1) showed the highest fruit size increment compared to ‘Royal 

Gala’ (Figure 3.2) and Crab apple (Figure 3.3). This observation provided evidence that 

increased cell division supports large fruit size production in ‘Twenty Ounce’. Previous 

research on control of fruit size comparing ‘Gala’ and ‘Grand Gala’ apple cultivars concluded 

that fruit size in the large-sized apple ‘Grand Gala’ was caused by cell expansion (Malladi & 

Hirst, 2010). However the larger fruit size of ‘Grand Gala’ was observed to start during the 

end of the cell division stage (20 DAFB until 43 DAFB), strengthening the hypothesis that 

cell expansion influences fruit size in ‘Grand Gala’. This contrasting observation supports the 

idea that the larger size of ‘Twenty Ounce’ is influenced by cell division rather than cell 

expansion. ‘Twenty Ounce’ fruit size continued to increase during late fruit development in 
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the cell expansion stage (timepoint 28 DAFB until 120 DAFB), compared to the other 

cultivars, with Crab apple producing the lowest fruit size incrementally throughout 

development. 

 

 

Figure 3.1. ‘Twenty Ounce’ fruit morphology on various timepoints of days after full bloom 

(DAFB) throughout fruit development stages which are fruit set, cell division, cell expansion, 

and ripening. 



Chapter 3: Studies on fruit size control through characterisation of three cultivars on whole fruit, 
cellular, and molecular levels 

75 

 

Figure 3.2. ‘Royal Gala’ fruit morphology on various timepoints of days after full bloom 

(DAFB) throughout fruit development stages which are fruit set, cell division, cell expansion, 

and ripening. 

 

Figure 3.3. Crab apple fruit morphology on various timepoints of days after full bloom 

(DAFB) throughout fruit development stages which are fruit set, cell division, cell expansion, 

and ripening. 

 

Fruit diameter measurements revealed similar hypanthium width of the three cultivars 

at full bloom (0 DAFB) (Figure 3.4). ‘Twenty Ounce’ width at this timepoint was 3 mm, 

‘Royal Gala’ 3 mm, and Crab apple 2.6 mm. By visual observation of the fruit images, Crab 

apple showed a rather slow size increase during early fruit development (0 DAFB until 14 
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DAFB). This was further seen with fruit diameter measurements. At the peak of the cell 

division stage, which is 7 DAFB, fruit width of ‘Twenty Ounce’ grew to 4.6 mm compared to 

Crab apple at only 3.6 mm, while ‘Royal Gala’ had grown up to 3.8 mm. At 14 DAFB, which 

is near the end of the cell division stage, ‘Twenty Ounce’ had grown to 10 mm in fruit width, 

while Crab apple width was only 5.2 mm. ‘Royal Gala’ fruit width at this timepoint was 8.16 

mm. At the end of the cell division stage, the total increment of ‘Twenty Ounce’ size from 0 

DAFB was 7 mm, ‘Royal Gala’ 5.16 mm, and Crab apple was only 2.66 mm. This showed 

that high cell division activity may occur in ‘Twenty Ounce’ specifically when compared to 

the other cultivars.   

 At the cell expansion stage (42 DAFB until 120 DAFB), ‘Twenty Ounce’ continued 

to have faster growth until the end of ripening, resulting in the largest fruit compared to the 

other cultivars. Fruit diameter measurements supported this visual observation. Between 0 

DAFB and 120 DAFB, ‘Twenty Ounce’ fruit size increased by 30-fold, ‘Royal Gala’ 20-fold, 

and Crab apple 11.5-fold. At the end of fruit development, ‘Twenty Ounce’ fruit size was 

three times bigger (90 mm) than Crab apple (30 mm). ‘Royal Gala’ produced 60 mm fruit. 

This may indicate that, apart from cell division, cell expansion is also involved in influencing 

the big size of ‘Twenty Ounce’. However, the extent to which cell expansion affected fruit 

size in these cultivars is difficult to measure (Malladi & Johnson, 2011). Other than that, the 

fast growth of ‘Twenty Ounce’ during early development might also contribute to the big size 

increase during the later timepoints. As shown previously in Figure 3.3, it was observed Crab 

apple produced small fruit from the beginning of the timecourse and there was not much of 

an increase in size until the end of the cell division stage. This might have been responsible 

for its slow growth afterwards. Consequently, molecular studies on gene expression and 

histology studies of cell size were conducted to confirm this result.         
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 Figure 3.4. Average fruit diameter of the three cultivars using three individual replicates 

(Season 2). The difference in measurements between cultivars at 14, 42, and 120 DAFB were 

statistically different (Tukey’s HSD). ANOVA (two-factor), p-value ≤0.05. 

 

From the Season 2 data, fruit diameter and cell size among the three cultivars showed 

a positive correlation [R
2
=0.9245, p<0.05 (Figure 3.5)]. These results indicated the influence 

of cell size in determining final fruit size. In many fruits, final fruit size is determined by cell 

division in early development which is followed by cell expansion in the final development 

stages (Malladi & Johnson, 2011 ). Throughout this research, similar observations were made 

on the increase of cell size with fruit diameter (Figure 3.5). However, in order to validate this 

observation, molecular studies were carried out for both seasons.  
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Figure 3.5. Relationship between fruit diameter and cell size among ‘Twenty Ounce’, ‘Royal 

Gala’, and Crab apple. 

 

3.2.2 Average cell size measurement 

3.2.2.1 Assessment of fixative solution on apple fruit tissues  

The histology study was begun by fixing the samples in the appropriate fixative solution. 

Fixation is a process where cells and tissues are fixed in chemical solutions (fixative) so that 

they will be preserved in their life-like state (Masuda et al., 1999). The fixation process is 

crucial as it is the first step in preserving fresh tissue and maintaining the original 

morphology. Apart from the perfusion fixative method that was used in this present study, 

other fixation methods include using heat, immersion, freezing, and vapour (Masuda et al., 

1999). Fixative solution preserves cells and tissues by forming cross links between amino 

acids of proteins to make them insoluble (Masuda et al., 1999). During the first season, we 

used two chemical fixatives to fix hypanthiums and fruit flesh - formalin acetic acid (FAA) 

and 10% neutral buffered formalin (10% NBF). FAA is also known as formalin, a simple 

fixative solution, while 10% NBF is a compound fixative solution that is normally when 

fixing microscopic structures (microanatomical) (Masuda et al., 1999). Both fixative 

solutions are inexpensive and less hazardous compared to other types, such as mercuric 

chloride (Masuda et al., 1999).   
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Results from Season 1 fixation showed both formalin fixative solutions had worked 

well (Figure 3.6). Fixative solution 10% NBF was chosen for sample fixation in both seasons 

based on its known suitability in fixing the anatomy of tissues. With its neutral pH, it 

prevents formation of black pigment that normally occurs in tissues fixed with formalin when 

the pH becomes lower than 4 during storage. Well-preserved specimens are usually obtained 

in tissues preserved in buffered solution with pH ranges between 7.2-7.4.  

 

Figure 3.6. Safranin (1%)-Fast Green (0.5%) staining on ‘Twenty Ounce’ 60 DAFB. (A) 

Section fixed using FAA fixative. (B) Section fixed using 10% NBF fixative. Scale bar = 100 

µm.  

 

After fixation, fixed tissues underwent a paraffin infiltration process where tissues 

were dehydrated through a series of ethanol baths to remove water from the tissues and later 

infiltrated with paraffin wax. The paraffin infiltration process takes three steps, namely; 

dehydration, clearing, and infiltration (Bancroft, 2013). During the dehydration process, 

water present in the tissue was removed by a series of ethanol immersions of increasing 

concentrations until reaching 100%. As paraffin wax is hydrophobic, the tissue needs to be 

completely free of water before it is embedded. The use of a series of increasing ethanol 

concentrations makes sure that water is gradually removed from the tissue, minimising tissue 

distortion. At the end of the dehydration process, the ethanol needs to be removed before the 

tissue is embedded in wax. This is because ethanol and wax do not mix together. Therefore, 

the clearing process takes place after dehydration. The ‘clearing agent’ used during this step 

needs to be miscible with both wax and ethanol, and xylene is the most common clearing 

agent used (Bancroft, 2013). During this part, the tissue undergoes a series of xylene changes 

(two or three baths) to gradually remove the ethanol from the tissues. The final stage is where 

the tissue undergoes infiltration. Since xylene is miscible with paraffin wax, this stage 

A B 
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removes xylene from the tissue by immersion in a series of paraffin wax baths (three 

changes). By the end, the tissue is free of both water and xylene. The infiltrated tissue was 

embedded in molten paraffin wax and then set into a wax block on a cold plate. Tissue 

embedded in the wax block was then sectioned using a microtome machine to produce slide 

specimens.  

3.2.2.2  Selection of suitable stain for apple fruit tissues  

To obtain the best contrast for the microscopic image of the tissue, the right dye is needed. 

During the first season, two dyes were tested. The most conducive dye was selected from this 

test and used on all tissue specimens. Toluidine blue O and a combination of basic dye, 

safranin (1%), and the acid dye, fast green FCF (0.5%), were tested on several tissue sections. 

It was found that tissues stained with toluidine blue O was difficult to examine. In contrast to 

using safranin (1%)-fast green (0.5%), the cell morphology is clearly visible and cells are 

distinguishable from each other (Bryan, 1954). This was useful for the subsequent cell 

counting process. The fact that this staining method uses two types of different colour dyes 

has another added advantage over the more familiar staining methods, like toluidine blue O. 

Figure 3.7 shows microscopy images of tissues stained with toluidine blue O and safranin 

(1%)-fast green (0.5%). Safranin penetrates into the inner parts of cells including nucleus and 

cell membrane. Fast-green stains the cell wall of the cells (Ahmad & Khan, 2010). Therefore, 

these dyes have added contrast when observing the slides under a microscope, and thereby 

making the cells more distinguishable from one another.  
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Figure 3.7. Fruit cells on two different stainings on 14 DAFB ‘Twenty Ounce’ (A) Toluidine 

Blue O (B) Safranin (1%)-Fast Green (0.5%) (200X magnification). Scale bar = 100 µm. 

 

Consequently, safranin (1%)-fast green (0.5%) staining was chosen as the method for 

staining samples from both seasons. The use of the mixture of safranin and fast green FCF as 

a differential staining medium is not new and this staining combination has been widely used 

in histological studies of lower and higher plants (Ma et al., 1993). Average cell sizes were 

determined by dividing the grid area (42,368 µm
2
) by total cell numbers. Cell size 

measurements revealed that cell division controlled the fruit size differences between the 

cultivars studied. During Season 1, the average cell sizes of the cultivars were not much 

different, with ‘Twenty Ounce’ showing slightly larger cells (325 µm
2
) than Crab apple (270 

µm
2
) and ‘Royal Gala’ (229 µm

2
) before bloom.  

At ripening, the cell size of the cultivars continued to be similar, with ‘Twenty Ounce’ 

measuring 12,671 µm
2
, Crab apple 10,379 µm

2
, and ‘Royal Gala’ 10203 µm

2
 (Figure 3.8). 

When the fruits reached the peak of cell expansion (60 DAB), the cells of the cultivars 

expanded to again similar cell sizes - Average cell size of ‘Twenty Ounce’, ‘Royal Gala’, and 

Crab apple was 5727 µm
2 

, 5796 µm
2
, and 5799 µm

2
, respectively. In between bloom and 

ripening, cell size increased 39-fold in ‘Twenty Ounce’, 44-fold in ‘Royal Gala’, and 38-fold 

in Crab apple. This indicated that the cells of the cultivars expanded at the same pace 

throughout fruit development. Contrary to fruit width measurement (as shown previously in 

Figure 3.4), ‘Twenty Ounce’ showed a faster fruit size increase followed by ‘Royal Gala’ and 

Crab apple. From these results, it was concluded that cell number differences in ‘Twenty 

A B 
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Ounce’ compared to the other cultivars caused the final production of larger-sized fruit with 

this cultivar. 

Similar results were observed in Season 2. There was no significant increment in 

terms of the cell size at most of the timepoints among the cultivars (Figure 3.9). Before 

bloom, ‘Twenty Ounce’ had a 296 µm
2
 cell size, while ‘Royal Gala’ and Crab apple had 335 

µm
2
 and 273 µm

2
 cell size, respectively. ‘Twenty Ounce’ and Crab apple cells expanded to 

similar cell size at 60 DAFB, being 8349 µm
2
 and 9343 µm

2
, respectively. ‘Royal Gala’ was 

observed to produce a smaller cell size at this timepoint, which was 5761 µm
2
. However, all 

cultivars ended fruit development with a similar cell size at ripening – ‘Twenty Ounce’ had 

18871 µm
2
, Crab apple 13501 µm

2
, and ‘Royal Gala’ 15251 µm

2
. In between bloom and 

ripening, ‘Twenty Ounce’ cell size increased 63-fold, ‘Royal Gala’ 46-fold, and Crab apple 

50-fold. 

Table 3.1 and Table 3.2 show the average cell number for each timepoint for the three 

cultivars during Season 1 harvest. These cell numbers were counted inside a 42,368 µm
2
 grid 

area and converted to average cell size. Therefore, the cell numbers in Table 3.1 and Table 

3.2 reflect the average cell sizes (Figure 3.8 and Figure 3.9, respectively). The three cultivars 

started development with the same cell numbers and ended with the same cell numbers, as 

well. This strongly supported the hypotheses that the cell division/cell number caused the 

fruit size disparity among the cultivars. In rabbiteye blueberry, lower cell numbers were also 

observed in the large-sized cultivar than small-sized cultivar at bloom, and it was reported 

that cell number differences between cultivars at bloom did not influence the final fruit size 

between the cultivars studied (Malladi & Johnson, 2011). This early conclusion was then 

investigated using a molecular approach. 
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Table 3.1. Average cell number of three cultivars in Season 1 

 Average cell number 

Timepoint (DAFB) ‘Twenty Ounce’ ‘Royal Gala’ Crab apple 

0  138 185 158 

2  128 179 138 

5  128 148.5 112 

7  97.5 137 96 

14  33.7 31.5 41 

28  10.5 14.8 11 

42  9.15 10.3 9 

60  7.41 7.31 7 

90  4.07 5.11 4 

120  3.31 4.16 4 

Table 3.2. Average cell number of three cultivars in Season 2 

 Average cell number 

Timepoint (DAFB) ‘Twenty Ounce’ ‘Royal Gala’ Crab apple 

0  144 127 156 

1  118 122 118 

2  115 107 110 

3  109 103 95 

5  96 100 89 

7  94 96 76 

9  92 93 71 

14  45 44 43 

40  13 12 8 

60  5 8 5 

120  2 3 3 

 

 

  



Chapter 3: Studies on fruit size control through characterisation of three cultivars on whole fruit, 
cellular, and molecular levels 

84 

 

Figure 3.8. Average cell size of three cultivars using three individual replicates (Season 1). 

Error bars represent standard deviations. The difference in measurements between cultivars at 

28 until 120 DAFB were statistically different (Tukey’s HSD), ANOVA (two-factor), 

p≤0.05. 

 

Figure 3.9. Average cell size of three cultivars using three individual replicates (Season 2). 

Error bars represent standard deviations. The difference in measurements between cultivars at 

42 until 120 DAFB were statistically different (Tukey’s HSD), ANOVA (two-factor), 

p≤0.05. 

    

3.3 Fruit characterisation on the molecular level 

Much research has been performed investigating fruit size control in many plant species. In 

the 1950s, studies were performed on fruit physiology, cell number counting and cell size 

measurement (Bain & Robertson, 1951). However, few studies have included gene 

expression in their analysis. In apples, gene expression has been studied in fruit size controls 
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using Northern blot (Harada et al., 2005) and using real-time RT-PCR (qPCR) (Malladi & 

Hirst, 2010). Here, it was decided to investigate fruit size control in the apple cultivars using 

a gene expression (qPCR) approach. In order to study differential expression of genes that are 

specifically expressed at particular stages of development, we first selected and identified 

robust markers that are specifically expressed at a particular stage in development. Season 1 

harvest of Royal Gala was carried out to test each marker for its functionality and robustness. 

Two biological replicates were used to minimise technical issues. Season 2 harvest was also 

performed for all three cultivars.    

3.3.1 Season 1: Specific marker identification and tests on ‘Royal Gala’. 

3.3.1.1 MdCDKB2:2 

Cell division is a key step in plant growth. The main feature of cell cycle control in 

eukaryotes is the oscillating activity of cyclin-dependent kinase (CDK), with different CDKs 

regulating different phases during the cell cycle (de Veylder et al., 2007; Coudreuse & Nurse, 

2010; Sablowski & Dornelas, 2014). Other genes are also involved to balance cell division 

and cell differentiation (Doonan & Sablowski, 2010; Gutzat et al., 2012; Sablowski & 

Dornelas, 2014). For example, MdCDKB2 controls cell progression to M phase from the G2 

checkpoint (Perrot-Rechenmann, 2010). Expression of this gene indicates that the cells are 

progressing to mitosis and therefore, G2 arrest does not occur. When the cell cycle does 

become arrested at the G2 phase, cells undergo an alternative means of division, namely 

endoreduplication (Perrot-Rechenmann, 2010).  

Therefore, MdCDKB2 is useful to see if endoreduplication takes place in the cells. 

However, endoreduplication is not common in apples as the mitotic cell cycle exit of this 

plant species normally occurs at G0/G1 (Malladi & Johnson, 2011). Conversely, 

endoreduplication is a common alternative for plants such as A. thaliana and tomato (Joubès 

et al., 1999; Harada et al., 2005; Malladi & Hirst, 2010; Malladi & Johnson, 2011). Yet, this 

process can actually be induced in apple fruit to increase fruit size. The large-sized apple 

cultivar ‘Grand Gala’ has been noted to produce high level of DNA content as result of 

induced endoreduplication prior to fruit set (Malladi & Hirst, 2010). This process occurs as a 

result of G2 arrest, which increases cell size along with a concomitant fruit size enlargement 
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(Perrot-Rechenmann, 2010). Although we did not measure the DNA content between the 

cultivars, the use of MdCDKB2 during gene expression studies may be valuable for 

confirming the involvement of the endoreduplication process in fruit development within the 

cultivars studied. No significant difference in MdCDKB2 expression was reported between 

‘Gala’ and big-sized ‘Grand Gala’, indicating the possibility of G2 arrest in the cultivars 

(Malladi & Hirst, 2010). Figure 3.10A shows relative expression (fold change) of the 

MdCDKB2:2 gene on biological replicate 1 (Rep1) of ‘Royal Gala’.  

The gene was upregulated during early timepoints before gradually decreasing after 

28 DAFB until ripening. During development, cell division is arrested before pollination and 

resumes upon fertilisation of the ovules (Devoghalaere et al., 2012). At 0 DAFB, cell division 

ceased. After fertilisation, cells divided rapidly until around 28 DAFB. The highest peak of 

MdCDKB2:2 expression was observed at timepoint 7 DAFB (around 7-fold increase), the 

most active period for cell division during development. A similar expression pattern was 

also observed in the second biological replicate (Rep2) (Figure 3.10B) which showed 

upregulation expression at early timepoints and downregulation towards the end of the 

timecourse. The gene began to decrease in concentration at the end of the cell division stage, 

which is 28 DAFB and onwards. This up- and downregulated expression pattern has also 

been seen by other groups (Malladi & Hirst, 2010; Dash & Malladi, 2012). 

Figure 3.10. Relative expression of MdCDKB2:2 gene in ‘Royal Gala’ during Season 1 

harvest relative to MdGAPDH. (A) Replicate 1 (Rep1). (B) Replicate 2 (Rep2). Error bars = 

SEM; n=3 (technical replicates). 
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3.3.1.2 MdANT2 

MdANT2 is an APETALA-2 repeat transcription factor and functions through regulating cell 

production in apple fruit growth (Dash & Malladi, 2012). Likewise in Arabidopsis, the 

AINTEGUMENTA gene regulates cell production during floral organ and shoots growth 

(Mizukami & Fischer, 2000). In the present study, MdANT2 was selected as another marker 

for cell division in addition to MdCDKB2:2. The purpose of using another marker for cell 

division was to provide confirmation of MdCDKB2:2 expression. Additionally, expression of 

MdANT2 has been reported to be positively correlated with expression of MdCDKB2:2 (Dash 

& Malladi, 2012).  

As a cell division marker, MdANT2 was expected to be highly expressed at early 

timepoints and then be gradually downregulated towards ripening. MdANT2 also showed 

higher and longer expression in bigger size apple ‘Golden Delicious Smoothee’ compared to 

normal size ‘Gala’ apples (Dash & Malladi, 2012). This strongly showed the potential of 

MdANT2 as a robust marker for cell division. The MdANT2 marker was tested on ‘Royal 

Gala’ samples during Season 1 harvest to confirm its function and suitability. qPCR was 

carried out on both biological replicates, producing a positive correlation with MdCDKB2:2, 

similar to what was reported previously (Dash et al., 2013). These results suggest that the 

MdANT2 marker designed was indeed robust. Figure 3.11A shows the relative expression of 

this gene on biological replicate 1 (Rep1). The gene was most highly expressed at timepoints 

2 DAFB and 7 DAFB, with up to a 3.5-fold increase compared to expression at 0 DAFB. 

Both timepoints are at the cell division stage, supporting this gene’s function in regulating 

cell division. Low expression at 5 DAFB may be the result of technical issues that occurred 

during sample pollination and harvest. The same low expression was also observed for 

MdCDKB2:2. The flowers harvested may be undergoing an abscission process as a result of 

unsuccessful fertilisation. Fertilisation is a crucial process in determining whether the flower 

is developing into a fruit or is aborted from the tree (McAtee et al., 2013).  

In apples, if fertilisation was successful, the hypanthium will differentiate into a fruit. 

In contrast, if fertilisation has not happened, the flowers do not undergo differentiation and 

will be aborted (Vivian-Smith et al., 2001). During abscission, ethylene production is 

increased which results in cell division inhibition (Burg, 1973). This technical issue was 



Chapter 3: Studies on fruit size control through characterisation of three cultivars on whole fruit, 
cellular, and molecular levels 

88 

 

suggested to be normal and an expected expression pattern that was observed in the second 

replicate (Rep2) (Figure 3.11B). The figure specifically shows upregulated expression of 

MdANT2 with the highest peaks at 5 DAFB and 7 DAFB, a 2-fold enhancement compared to 

0 DAFB. The expression gradually decreased after 7 DAFB and remained low throughout the 

cell expansion and ripening stages. 

Figure 3.11. Relative expression of MdANT2 in ‘Royal Gala’ during Season 1 harvest 

relative to MdGAPDH. (A) Expression pattern of replicate 1 (Rep1). (B) Expression pattern 

of replicate 2 (Rep2). Error bars = SEM; n=3 (technical replicates). 

 

 

 From both the MdCDKB2:2 and MdANT2 results, it is strongly believed that both 

markers are functional and robust as cell division markers. The positive correlation seen is 

useful to confirm cell division activity in cells. Therefore, both markers were used for Season 

2 analysis. 

3.3.1.3 MdEXP3 

In plants, the cell wall is an important structure that upholds the cell shape, attaches to the 

adjacent cells, and provides mechanical strength to withstand cell turgor pressure and 

therefore prevents the cells from being damaged (McAtee et al., 2013). Despite its rigidity, 

the cell wall also possesses elasticity which enables it to stretch as the cells expand during the 

growth (Cosgrove, 2000a). Fruit cells originate from a small group of undifferentiated cells, 

termed meristematic cells, which then undergo expansion and differentiate into the mesocarp, 

exocarp, and pericarp tissues of a fruit (Cosgrove, 2000a). 
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 Expansins are a group of proteins involved in cell wall softening. The term ‘cell wall 

softening’ refers to as a process where the cell wall structure is denatured by cell wall 

modifying enzymes to allow the cells to expand, taking up water into the vacuole (Cosgrove, 

2000b). The softened cell wall is then deposited with new cell wall material to strengthen it 

again (Cosgrove, 2000b). The action of the cell wall proteins in cell wall softening is 

regulated by expansins, and they are thus known as ‘cell wall softening proteins’ (Cosgrove, 

2000b). 

 The MdEXP3 sequence was obtained from GenBank (Accession number: AB099926; 

Wakasa et al., 2003). EXP3 (AF527800) has also been named EXP2 (AB099927) in the 

Wasaka et al. study, and more recent studies (Chagné et al., 2014, Ireland et al., 2014) have 

re-established the EXP3 name for this gene model. The DNA sequence was aligned with 

apple genomic sequence using the GDR Rosaceae database to obtain the apple homologue 

sequence (MDP0000670959). A pair of primers was designed spanning an intron to avoid 

any gDNA contamination detection during the qPCR analysis which would potentially 

confound the result. The primers were tested for efficiency with qPCR prior to being used in 

subsequent experiments. Figure 3.12A shows relative expression (fold change) of MdEXP3 

on Rep1 samples. The gene was upregulated towards the end of ripening and expression 

reached its highest peak at 90 DAFB at the cell expansion and late maturity stage. This result 

strongly suggests that this gene is distinctively involved in cell expansion.  

The expression decreased at 120 DAFB by 10-fold. This substantial decrease may 

indicate that this gene activity is not affected by ethylene production, as was previously 

shown (Harada et al., 2005). The expression remained low throughout the early timepoints, or 

the cell division stage. It was observed to gradually increase after 28 DAFB at the end of cell 

division. This result shows the function of MdEXP3 in supporting cell expansion, making it a 

robust marker for that particular stage. A similar expression pattern was also observed in 

Rep2 samples (Figure 3.12B); validating the results for both replicates. 
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Figure 3.12. Relative expression of MdEXP3 in ‘Royal Gala’ during Season 1 harvest 

relative to MdGAPDH. (A) Expression pattern of replicate 1 (Rep1). (B) Expression pattern 

of replicate 2 (Rep2). Error bars = SEM; n=3 (technical replicates). 

 

3.3.1.4 MdARF106 

Auxin Responsive Factor 106 (ARF106) is an auxin-related gene. The apple homologue 

MdARF106 has been documented to be co-localised with a QTL-mapped region consisting of 

fruit size phenotypes (Devoghalaere et al., 2012). Auxin’s role in regulating cell division and 

cell expansion has been widely discussed (McAtee et al., 2013; Kumar et al., 2014). With 

this, MdARF106 is expressed in cell division, consistent with the role of auxin in influencing 

fruit growth (Dash et al., 2013). The abundance of ABP1 protein at the plasma membrane 

indicates the role of auxin in cell expansion, as high expression of this gene was also 

observed in auxin-induced cell expansion in tobacco cells (Chen et al., 2002). MdARF106 

was seen to be highly expressed during both cell division (14 DAFB) and cell expansion (45 

DAFB) (Devoghalaere et al., 2012; Dash & Malladi, 2012).  

 This gene was chosen to be included in this research based on its location in the QTL 

region of fruit weight. It was, however, not ideal as a cell expansion marker as it is expressed 

in cell division as well. A pair of primers that spanned an intron were designed from the 

MDP0000232116 sequence (Devoghalaere et al., 2012; Dash et al., 2013). To assess its 

function and robustness, the primers were tested on ‘Royal Gala’ samples during Season 1 

harvest. 

Figure 3.13A shows relative expression (fold change) of MdARF106 on Rep1 

samples. Gene expression was upregulated at early timepoints before being downregulated 
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after 2 DAFB. The expression rate remained at its lowest from 7 DAFB until 42 DAFB 

before increasing to its highest peak at 60 DAFB. Expression was downregulated again after 

60 DAFB until the end of ripening. The highest peaks were observed at 2 DAFB by 

increment of 1.8-fold compared to 0 DAFB expression levels, and at 60 DAFB by increment 

of 1.6-fold compared to 0 DAFB expression. However, the expression pattern was slightly 

different for the second replicate, with the highest peaks being observed at 28 DAFB (by 7-

fold increment) and 60 DAFB with 9-fold increment when compared to 0 DAFB (Figure 

3.13B). Nevertheless, gene expression was still considered high at cell division timepoints (2 

DAFB and 5 DAFB), showing a 3-fold increment compared to 0 DAFB. It was speculated 

that high expression at 2 DAFB of Rep1 might be explained if the flowers harvested at that 

timepoint were shaded flowers, as MdARF106 has been observed to be highly expressed in 

shaded fruits (Dash et al., 2013). 

 

 

Figure 3.13. Relative expression of MdARF106 in ‘Royal Gala’ during Season 1 harvest 

relative to MdGAPDH. (A) Expression pattern of replicate 1 (Rep1). (B) Expression pattern 

of replicate 2 (Rep2). Error bars = SEM; n=3 (technical replicates). 

 

3.3.1.5 MdACO1 

Molecular markers were utilised to observe gene expression during ripening, even though it 

was not the main focus of this research. The ethylene biosynthetic gene, ACC Oxidase 1, 

MdACO1, is a ripening-related gene that induces cell wall softening during the ripening 

process (Ireland et al., 2014). The ripening process is closely governed by ethylene, and 

MdACO1 activity is regulated by this hormone. Figure 3.14A shows differential expression of 



Chapter 3: Studies on fruit size control through characterisation of three cultivars on whole fruit, 
cellular, and molecular levels 

92 

 

MdACO1 within Rep1 and Figure 3.14B shows the gene differential expression within Rep2. 

Despite the role of MdACO1 in ripening, the gene was observed to be highly expressed at 

early timepoints - 2 DAFB in Rep1 samples and 5 DAFB in Rep 2 samples. The ripening 

timepoints occur much later at 90 and 120 DAFB. This observation may be because of the 

abscission of the flowers collected at these timepoints. In regards to those flowers, the ovary 

may not have been successfully fertilised abscission was the outcome. Since ethylene is the 

hormone regulating abscission and the activity of MdACO1 is positively affected by ethylene, 

the high expression of MdACO1 during early fruit development may be indicative that the 

flowers underwent abscission (Kim et al., 2001). 

Figure 3.14. Relative expression of MdACO1 in ‘Royal Gala’ during Season 1 harvest 

relative to MdGAPDH. (A) Expression pattern of replicate 1 (Rep1). (B) Expression pattern 

of replicate 2 (Rep2). Error bars = SEM; n=3 (technical replicates). 

 

3.3.1.6 MdPG1 

The apple gene, Polygalacturonase 1 (MdPG1), is a cell wall softening gene (Tacken et al., 

2010). Cell wall softening is a process related to ripening. MdPG1 was reported to be co-

localised with a fruit softening QTL (Costa et al., 2010). MdPG1 expression was also 

suggested to correlate with MdACO1 expression. This is because the ethylene biosynthesis 

pathway leads to MdPG1 activation (McAtee et al., 2013). However, despite the joint action 

between MdACO1 and MdPG1, the latter was reportedly independently expressed in cold-

treated apples and resulted in fruit softening (Tacken et al., 2012). In this study, MdPG1 did 

not produce a similar expression pattern to that observed for MdACO1 earlier. It was  

hypothesised that an ethylene peak on 3 and 5 DAFB samples had caused MdACO1 to be 

highly expressed, sufficiently enough to support abscission, but not for the ripening process.  
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When tested on Rep1 (Figure 3.15A), MdPG1 was observed to be highly expressed at 

120 DAFB when ripening is occurring. MdPG1 expression was increased by 2.5-fold over 

expression at 0 DAFB. A similar pattern was also observed in Rep2 (Figure 3.15B). This 

indicates that MdPG1 is a reliable marker for ripening and confirmed ripening of 120 DAFB 

samples. These results also provided evidence that MdPG1 and MdACO1 could be expressed 

independently of each other and that MdPG1 activation is controlled by more than one 

transcription factor (Tacken et al., 2012).    

Figure 3.15. Relative expression of MdPG1 in ‘Royal Gala’ during Season 1 harvest relative 

to MdGAPDH. (A) Expression pattern of replicate 1 (Rep1). (B) Expression pattern of 

replicate 2 (Rep2). Error bars = SEM; n=3 (technical replicates). 

 

3.3.2 Season 2: Comparison of differential gene expression among three apple cultivars. 

During Season 2, flowers were hand pollinated and RNA was extracted from ‘Twenty 

Ounce’, ‘Royal Gala’, and Crab apple. Two biological replicates were prepared for each 

cultivar and gene expression was carried out using the specific markers that had been 

evaluated in Season 1. Twelve timepoints were used instead of the ten used during Season 1, 

with closer intervals at early development stages. The timecourse was changed to focus on 

the cell division stage in order to closely observe differential expression during that stage. 

Similar cell size at 0 DAFB and 120 DAFB in the three cultivars measured during Season 1 

had provided the basic conclusion that cell division influenced fruit size differences of the 

three cultivars. Therefore it was decided to monitor closely the fruit growth at early stages at 

both the cellular and molecular levels. The cell size measurement of the Season 2 harvest has 
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been discussed earlier in this chapter. In this section, differential expressions of specific 

markers from the three cultivars are compared.   

3.3.2.1 MdCDKB2:2 

Consistent with Season 1, relative expression of MdCDKB2:2 on Rep1 samples was 

upregulated during the cell division stage and gradually decreased after 7 DAFB until 

ripening. Figure 3.16A shows relative expression of MdCDKB2:2 for the three cultivars. The 

gene remained at its lowest expression rate at the cell expansion and ripening stages, which 

occur from 40 DAFB until 120 DAFB. Throughout development, Crab apple produced the 

lowest expression compared to ‘Twenty Ounce’ and ‘Royal Gala’. ‘Twenty Ounce’, the 

large-sized apple, produced the highest expression of MdCDKB2:2 at most of the timepoints, 

with the most significant difference increments observed at 3 and 5 DAFB.  

 All the cultivars showed a constant expression of the MdCDKB2:2 gene until 2 

DAFB. At 3 DAFB, MdCDKB2:2 expression increased 2-fold in the small-sized Crab apple, 

whereas no incremental expression was observed in ‘Royal Gala’ when compared to its 

expression at 0 DAFB. All cultivars showed a significant increase in expression at 5 DAFB 

versus the previous timepoint (3 DAFB). ‘Twenty Ounce’ produced the highest expression 

relative to Crab apple and ‘Royal Gala’. This was also the peak of expression of this gene in 

‘Twenty Ounce’. Although ‘Royal Gala’ produces medium-sized apple fruit, this cultivar 

showed the lowest expression of MdCDKB2:2. Expression of MdCDKB2:2 in ‘Royal Gala’ 

was observed to spike 2-fold higher (compared with 5 DAFB expression) at 7 DAFB and this 

was the highest expression among the cultivars. ‘Twenty Ounce’ and Crab apple showed 

constant expressions with the previous timepoint.  

The expression of MdCDKB2:2 was overall observed to gradually decrease after this 

timepoint. At the subsequent timepoint (14 DAFB), ‘Twenty Ounce’ expression decreased 

1.75-fold over 7 DAFB expression while Crab apple decreased 1.25-fold. Meanwhile, ‘Royal 

Gala’ showed a large decrease of 2.25-fold compared to the previous timepoint (7 DAFB). 

‘Royal Gala’ produced the lowest activity of MdCDKB2:2 at the start of cell division phase 

before the high peak at 7 DAFB, followed by an immediate decline. Although ‘Royal Gala’ 

produced the highest expression at 7 DAFB, its expression was for a short period only versus 
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‘Twenty Ounce’ that yielded the highest expression at most of the timepoints. The expression 

of all cultivars was observed to continue to decrease throughout the rest of timepoints during 

the cell expansion and ripening stages. 

In the second replicate (Rep2), similar expression patterns were observed as in Rep1 

(Figure 3.16B). The highest expression of MdCDKB2:2 was produced from ‘Twenty Ounce’ 

fruits at 0, 3, and 5 DAFB compared to the other cultivars. However, elevated expression of 

‘Twenty Ounce’ at 0 DAFB may be nothing more than a sampling issue. As in Rep1, all the 

cultivars produced no increment in expression from 0 DAFB until 2 DAFB. At 3 DAFB, 

‘Twenty Ounce’ produced the highest increment by 2.25-fold compared to Crab apple 

expression. Crab apple produced no increment compared to 0 DAFB. At 5 DAFB, ‘Twenty 

Ounce’ increased by 2.5-fold compared to its expression at the previous timepoint and 

reached its peak. Expression in Crab apple increased by 2-fold and expression in ‘Royal 

Gala’ was still at the same level as it was at 0 DAFB. At 7 DAFB and onwards, MdCDKB2:2 

expression in all cultivars gradually decreased and remained at the lowest throughout cell 

expansion and ripening stages.  
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Figure 3.16. Differential expression of MdCDKB2:2 in three cultivars during Season 2 

relative to MdGAPDH. (A) Relative expression in biological replicate 1 (Rep1). (B) Relative 

expression in biological replicate 2 (Rep2). Error bars = standard deviations; n=3 (technical 

replicates). The expressions between markers were statistically different, ANOVA (two-

factor), p-value ≤0.05. 

 

 

 Data from both replicates suggested that cell division activity was greater and longer 

in ‘Twenty Ounce’ compared to ‘Royal Gala’ and Crab apple. These results give credence to 

the fast growth pace and larger hypanthium widths of ‘Twenty Ounce’ fruits at early 

timepoints compared to other cultivars. Therefore, it is concluded that cell division plays a 

role in determining fruit size in these cultivars.   
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3.3.2.2 MdANT2 

Figure 3.17A (Rep1) and Figure 3.17B (Rep2) show that MdANT2 was upregulated and was 

subsequently downregulated after the end of the cell division stage until the completion of 

ripening. These observations were correlated with the expression pattern of MdCDKB2:2 on 

both replicates. In Rep1 (Figure 3.17A), relative expression of MdANT2 in the three cultivars 

was at a similar rate at 0 DAFB. The expression was observed to be slightly increased until 2 

DAFB. At 3 DAFB, ‘Twenty Ounce’ produced a high increment, by approximately 3.5-fold, 

compared to the previous timepoint. ‘Royal Gala’ also produced a high increment by 2.3-fold 

compared to its own previous timepoint. Crab apple expression remained low. At 5 DAFB, 

Crab apple produced its highest peak of expression by a 2.2-fold increment compared to 3 

DAFB. In contrast, expression in ‘Twenty Ounce’ and ‘Royal Gala’ decreased slightly from 

the previous timepoint by 1.2-fold and 1.4-fold, respectively. At 7 DAFB, ‘Twenty Ounce’ 

expression remained constant, Crab apple expression decreased by 1.65-fold whereas ‘Royal 

Gala’ decreased the most by 3.6-fold compared to its previous timepoint. At 14 DAFB, 

‘Royal Gala’ expression had increased slightly, by 2-fold. Expression in ‘Twenty Ounce’ and 

Crab apple continued to diminish by 1.9-fold and 1.8-fold, respectively. The expression of all 

cultivars continued to decrease during the cell expansion and ripening stages. 

    MdANT2 expression in Rep2 samples produced a similar trend as was observed in 

Rep1 (Figure 3.17B). The gene was upregulated at the cell division stage and downregulated 

from the end of the cell division stage until the completion of ripening. ‘Twenty Ounce’ 

produced the most pronounced expression of this gene at almost all timepoints compared to 

the other cultivars, while ‘Royal Gala’ yielded a moderate level between ‘Twenty Ounce’ and 

Crab apple. Overall, MdANT2 and MdCDKB2:2 expression in both replicates were positively 

correlated. Both genes also shared similar expression patterns to those shown in Season 1. 

Comparing the expression between cultivars, both genes showed highest and longest 

expression in ‘Twenty Ounce’, followed by ‘Royal Gala’, with the lowest in Crab apple. 

High expression in the cell division marker (MdHis1) has also been observed in large-sized 

apple cultivars (Harada et al., 2005), suggesting that cell division promotes the large size in 

the apple cultivars studied.  
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Figure 3.17. Differential expression of MdANT2 in three cultivars during season 2 relative to 

MdGAPDH. (A) Relative expression in biological replicate 1 (Rep1). (B) Relative expression 

in biological replicate 2 (Rep2). Error bars = standard deviations; n=3 (technical replicates). 

The expressions between markers were statistically different, ANOVA (two-factor), p-value 

≤0.05. 

 

3.3.2.3 MdEXP3 

Earlier in this chapter, it was demonstrated that Crab apple showed the lowest total fruit size 

increment compared to the other two cultivars. It was speculated that because of the slow 

pace of growth during cell division, this cultivar grew fruit slowly in the cell expansion stage 

until ripening. The hypothesis was that cell expansion may influence the large size of 

‘Twenty Ounce’. Therefore, the cell expansion stage during the fruit growth among the three 

cultivars was investigated using a specific cell expansion marker, MdEXP3. 
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Figure 3.18A shows the relative expression of MdEXP3 in three cultivars throughout 

fruit development in replicate 1 (Rep1). Surprisingly, Crab apple showed the highest 

expression of MdEXP3 throughout development (0 DAFB until 45 DAFB) compared to 

‘Twenty Ounce’ and ‘Royal Gala’. MdEXP3 expression reached the highest peak in Crab 

apple at 40 DAFB, the peak of the cell expansion stage. Gene expression then gradually 

decreased and reached its lowest level at the ripening timepoint (120 DAFB). Overall, Crab 

apple dominated the timecourse with high MdEXP3 expression compared to ‘Twenty Ounce’ 

by as high as 2-fold at several timepoints. Meanwhile, ‘Twenty Ounce’ started growth with a 

lower expression of MdEXP3 than Crab apple and continued to express at a lower level at 

most of the timepoints despite the upregulated expression pattern. However, it also yielded 

highest expression at 60 DAFB and 120 DAFB versus the other cultivars, which were 1.75-

fold and 5-fold higher than Crab apple, respectively. Throughout development, ‘Royal Gala’ 

expression was moderate with a range between ‘Twenty Ounce’ and Crab apple. Even though 

it produced a peak at 60 DAFB, this was not extreme and expected for a medium-sized fruit. 

 A similar pattern of MdEXP3 expression was also observed in Rep2 samples. Crab 

apple led the timecourse with a higher expression than ‘Twenty Ounce’ at most timepoints, as 

much as 2.6-fold higher (at 14 DAFB) (Figure 3.18B). As was observed in Rep1, expression 

in Crab apple reached its peak at 40 DAFB at that timepoint and was higher than ‘Twenty 

Ounce’ by 2.3-fold. Expression gradually diminished after 40 DAFB and reached its lowest 

level at 120 DAFB, when it had the lowest expression among all the cultivars. As for 

‘Twenty Ounce’, although it showed upregulation, there was no significant peak produced. 

The expression of this gene in ‘Twenty Ounce’ increased at a slow rate and remained at a 

constant level throughout cell expansion and ripening stages. Inconsistent with Rep1, 

‘Twenty Ounce’ produced lower expression of MdEXP3 at 60 DAFB compared to Crab apple 

and ‘Royal Gala’, which was the opposite of Rep1. Yet, similar to the Rep1 result, ‘Twenty 

Ounce’ produced higher expression than the other cultivars at 120 DAFB, almost 4-fold 

higher than Crab apple. ‘Royal Gala’’s expression was moderate, in between the other two 

cultivars. Throughout the cell expansion and ripening stages, ‘Royal Gala’ expression was 

upregulated expression and remained constant (40 DAFB until 120 DAFB).   
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Figure 3.18. Differential expression of MdEXP3 in three cultivars during Season 2 relative to 

MdGAPDH. (A) Relative expression in biological replicate 1 (Rep1). (B) Relative expression 

in biological replicate 2 (Rep2). Error bars = standard deviations; n=3 (technical replicates). 

The expressions between markers were statistically different, ANOVA (two-factor), p-value 

≤0.05. 

 

3.3.2.4 MdARF106 

MdARF106 is reported to be expressed in both the cell division and cell expansion stages 

(Devoghalaere et al., 2012; Dash et al., 2013). Figure 3.19A and Figure 3.19B show 

differential expression of this gene in three apple cultivars over two replicates (Rep1 and 

Rep2). As observed in Season 1, all cultivars produced upregulated expression at early 

timepoints before being downregulated at the end of the cell division stages (14 DAFB). 

Expression increased again when the cells expanded at 40 DAFB and gradually decreased 

towards the end of ripening. In Rep1 (Figure 3.19A), MdARF106 showed higher expression 
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in Crab apple and ‘Royal Gala’ at all timepoints compared to ‘Twenty Ounce’. This supports 

the notion that cell expansion did not influence the fruit size in ‘Twenty Ounce’.  

The analysis was repeated on the second replicate (Rep2) samples (Figure 3.19B). A 

similar observation was obtained, where ‘Twenty Ounce’ produced lower expression at most 

of the timepoints (with the exception of 9 and 14 DAFB) compared to Crab apple and ‘Royal 

Gala’. Both replicates were consistent with each other and therefore, this demonstrates that 

low cell expansion activity occurred in ‘Twenty Ounce’ and that cell expansion has little 

influence over the final fruit size. Co-localisation of MdARF106 with a QTL-controlling fruit 

size (Devoghalaere et al., 2012; Dash et al., 2013) provided further confirmation that cell 

division rather than cell expansion is involved in determining fruit size between the three 

cultivars. 
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Figure 3.19. Differential expression of MdARF106 in three cultivars during Season 2 relative 

to MdGAPDH. (A) Relative expression in biological replicate 1 (Rep1). (B) Relative 

expression in biological replicate 2 (Rep2). Error bars = standard deviations; n=3 (technical 

replicates). The expressions between markers were statistically different, ANOVA (two-

factor), p-value ≤0.05. 
 

3.3.2.5 MdACO1 

During Season 1, MdACO1 showed high expression at early timepoints (2 and 5 DAFB) 

despite its vital role in fruit ripening. Figure 3.20A and Figure 3.20B show relative 

expression of MdACO1 in the three cultivars in Rep 1 and Rep2, respectively. Contrary to the 

Season 1 observation, MdACO1 was highly expressed at later timepoints. In Rep1 (Figure 

3.20A), this gene was highly expressed in ‘Royal Gala’ compared to other cultivars at two 

timepoints, 45 DAFB and 120 DAFB, by 1.5-fold and 2-fold compared to before bloom (0 

DAFB), respectively. The gene was also highly expressed in Rep2 (Figure 3.20B) for ‘Royal 

Gala’ compared to the other cultivars at ripening (120 DAFB). This difference is most likely 

because of the fruit texture differences among the cultivars. The ‘Royal Gala’ flesh has a 
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mealy texture which is related to enhanced fruit softening, while ‘Twenty Ounce’ has a 

crispier and firmer flesh. This trait caused ‘Royal Gala’ to ripen more and faster than the 

other cultivars. 

 

Figure 3.20. Differential expression of MdACO1 in three cultivars during Season 2 relative 

to MdGAPDH. (A) Relative expression in biological replicate 1 (Rep1). (B) Relative 

expression in biological replicate 2 (Rep2). Error bars represent standard deviations (n=3).  

 

These results also confirmed that abscission is likely to have occurred in samples of 3 

and 5 DAFB that had caused the high peak of MdACO1 in both replicates of Season 1 

samples (as shown previously in Figure 3.14A and Figure 3.14B). 

 

3.5 Discussion 

This chapter described final fruit size control among three apple cultivars, ‘Twenty Ounce’, 

‘Royal Gala’, and Crab apple. Flowers were hand pollinated during both seasons to ensure 
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that fertilisation occurred in each flower harvested. Fruit morphology of the three cultivars 

was also assessed (Season 2). It was observed that ‘Twenty Ounce’ had a fast growth pace, 

followed by ‘Royal Gala’, and that Crab apple showed the slowest growth. Before bloom, all 

cultivars were observed to have similar hypanthium width. When they grew into mature 

fruits, ‘Twenty Ounce’ possessed three times more width than wild apple Crab apple. This 

observation was also reported in early research on this cultivar which produced a larger fruit 

width compared with other cultivars studied (Bain & Robertson, 1951). The vast difference in 

size between ‘Twenty Ounce’ and Crab apple indicates important factors cause these 

cultivars to differ in their size during fruit growth. In addition, low expression of MdEXP3 in 

‘Twenty Ounce’ demonstrated that cell expansion does not determine fruit size differences 

between the three cultivars. High expression of MdCDKB2:2 in ‘Twenty Ounce’ indicated 

that cell division influenced this cultivar’s size of fruits. 

At the cellular level (histology), all cultivars shared a similar cell size before bloom 

and at ripening, which is suggestive of cell division controlling final fruit size among the 

cultivars. A positive relationship between cell size and fruit width gives credence to the idea 

that cell expansion may affect final fruit size among these cultivars studied here. However, 

throughout development, the cells of the three cultivars expanded at the same pace which 

indicated a weak impact of the cell expansion process in determining fruit size. In blueberry 

fruit size studies, even though cell expansion is the major cause of cell growth, the 

contribution of cell expansion in determining fruit size among genotypes is not clear 

(Johnson et al., 2011). Cell division was also found to influence fruit size in many plant 

types, such as Japanese pear (Zhang et al., 2005), rabbiteye blueberry (Johnson et al., 2011), 

tomato (Bertin et al., 2003), and sweet cherry (Olmstead et al., 2007). Meanwhile, in other 

plants, cell division and a degree of cell expansion were described to control final fruit size, 

such as in sweet cherry (Yamaguchi et al., 2004) as well as in apples (Bain & Robertson, 

1951; Harada et al., 2005). Reports on sweet cherry have concluded that cell division and cell 

expansion were both involved in controlling final fruit size, even though the fruit weight and 

cell number were consistently high (Yamaguchi et al., 2004; Olmstead et al., 2007). 

However, in most studies, to what extent the cell expansion impacts fruit size was not 

determined.  



Chapter 3: Studies on fruit size control through characterisation of three cultivars on whole fruit, 
cellular, and molecular levels 

105 

 

While much research has been done on fruit size and cell size, few have been focused 

on the molecular level and underlying the mechanisms that are taking place during fruit 

growth (Bain & Robertson, 1951; Bertin et al., 2003; Johnson et al., 2011). Others have 

investigated apple fruits using gene expression approaches, such as Northern blot (Harada et 

al., 2005). Apart from cell count, gene expression analysis was carried out to further 

investigate this hypothesis. As previously mentioned, in apple fruit size studies, Harada et al. 

(2005) reported that high expression of both the cell expansion marker, MdEXP3, and the cell 

division marker, MdHis1, in large-sized apple cultivars compared to small-sized cultivars 

meant that both cell division and cell expansion controlled the fruit size among the cultivars 

under examination. Therefore, two approaches of cell number count concomitant with gene 

expression analysis may provide concrete conclusions on whether cell division or/and cell 

expansion control final fruit size. Real-time RT-PCR (qPCR) analysis is a convenient and 

reliable approach to investigate differential expression of specific markers throughout fruit 

development. During Season 1, specific markers for each stage of development produced 

robust and specific expression patterns at particular phases of development. In keeping with 

this, it was demonstrated that each marker designed was robust and suitable for use in 

studying the differential expression of these markers between the three apple cultivars of this 

study, carried out during the second season harvest. 

Specific markers of cell division, MdCDKB2:2 and cell expansion, MdEXP3, were 

designed by targeting to span intron sequences, making sure that any genomic DNA 

contamination does not interfere with qPCR. Another cell division marker, MdANT2, was 

used as confirmation for MdCDKB2:2 expression. This gene was chosen for its positive 

correlation with MdCDKB2:2 and its function in controlling cell division (Dash & Malladi, 

2012). However, the role of MdEXP3 in apple fruits was not yet fully studied. For this reason, 

MdANT functions were hypothesised to be similar (Dash & Malladi, 2012), which has been 

known to be involved in floral organ initiation and growth in Arabidopsis (Kriezek, 1999). 

Gene function was first tested on ‘Royal Gala’ during the Season 1 harvest. It showed an 

upregulation pattern during early development before decreasing towards the ripening stage.  

During Season 2, all markers showed its respective expression pattern regardless of 

cultivar type. Expression patterns of each marker have been explained earlier in this chapter. 

These expression patterns showed that the markers were robust and their selection was valid. 



Chapter 3: Studies on fruit size control through characterisation of three cultivars on whole fruit, 
cellular, and molecular levels 

106 

 

Elevated expression of MdCDKB2:2 in the large-sized ‘Twenty Ounce’ cultivar versus the 

medium-sized, ‘Royal Gala’, and small-sized, Crab apple, suggested that ‘Twenty Ounce’ 

possesses a higher number of cells compared to the other cultivars. This observation was also 

consistent with cell size measurement, where all cultivars possessed similar cell size at before 

bloom and at ripening, and so ‘Twenty Ounce’ must have a higher cell number at ripening 

than the other cultivars. MdANT2 gene expression was positively correlated with 

MdCDKB2:2, as reported in previous research (Dash & Malladi, 2012). Gene expressions of 

MdCDKB2:2 and MdANT2, indicated that ‘Twenty Ounce’ had higher cell division activity 

than ‘Royal Gala’ and Crab apples. High expression of MdANT2 in ‘Twenty Ounce’ ovaries 

before full bloom indicated high cell production activity in this cultivar compared to the other 

two. The gene upregulation in expression during the early timepoints also suggested its role 

in cell division. Similar observation also found the same in apple core and cortex tissues 

during early fruit development (Dash & Malladi, 2012).       

 During both seasons, MdARF106 was expressed in both the cell division and cell 

expansion phases, in agreement with previous research (Dash & Malladi, 2012; Devoghalaere 

et al., 2012). No significant difference in expression was observed among cultivars. MdEXP3 

was reported to be specifically expressed at the cell expansion stage (Wakasa et al., 2003). 

When tested on Season 1 samples, MdEXP3 showed an upregulated expression at the cell 

expansion stages but later decreased during ripening (120 DAFB). This signified specific 

gene function during the cell expansion stage. When tested on the three cultivars during the 

Season 2 harvest, MdEXP3 was expressed at a reduced level in ‘Twenty Ounce’ compared to 

‘Royal Gala’ and Crab apples. This was consistent in the second replicates. These 

observations suggest that cell expansion is not the cause of the large size of ‘Twenty Ounce’, 

and likewise, high cell expansion activity in Crab apples clearly do not make the fruit bigger. 

In other words, low expression of MdEXP3 in ‘Twenty Ounce’ compared to other cultivars 

revealed that the cells did not expand much during fruit development to the extent that it 

would contribute to final fruit size. Although there is a distinctive difference of gene 

expression at 120 DAFB, with ‘Twenty Ounce’ showing a higher expression than Crab apple 

or ‘Royal Gala’, similar cell sizes (from cell count results) of the three cultivars at the 

ripening stage (120 DAFB) imply that the increased rate of MdEXP3 expression did not 
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influence ‘Twenty Ounce’ final fruit size. Based on the analysis, the conclusion here is that 

cell division determines final fruit size between these three cultivars. 

  Furthermore, previous fruit size studies in other apple cultivars have observed high 

expression of cell expansion marker MdEXP3 during the cell expansion stage (43 DAFB) in 

large-sized apple fruit, leading to the conclusion that cell expansion influences large size fruit 

production (Harada et al., 2005). In sweet cherry, fruit size differences were documented to 

be influenced by cell number, and even though there was a significant difference in cell 

length between the cultivars studied, this failed to contribute to the final fruit size differences 

(Olmstead et al., 2007). This report reached similar conclusions as arrived at here. In spite of 

the fact that ‘Twenty Ounce’ fruit size increased at 120 DAFB while also expressing 

MdEXP3 markedly at that timepoint, the same cell size of the three cultivars at 0 DAFB and 

120 DAFB suggests that the large size of ‘Twenty Ounce’ was caused by high cell number.    
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Chapter 4: Optimised methods for callus induction and establishment in 

‘Royal Gala’ cortex cell cultures 

 

4.1 Introduction 

Cell cultures have been used as a tool in many plant studies as they are the only way to grow 

plants in vitro. Other than production of improved crop plant varieties and genetic 

transformation, cell cultures are widely used to produce secondary metabolites in animal and 

bacterial cell cultures, and to study or produce plant varieties tolerant to salinity (Liu et al., 

2006), drought, and heat stress (Wang et al., 2001; Bowen et al., 2002).  

Apple fruit development occurs in several consecutive stages, including fruit set, cell 

division, cell expansion, and ripening. This cycle takes 150 days to complete (Janssen et al., 

2008). In addition, apples have seasonal growth. These setbacks limit repetition of 

experiments, increase labour cost, and consume much time in order to obtain reliable 

datasets. Usually, studies in apples take at least 2 years to complete with two repetitions for 

two consecutive seasons (Potts et al., 2013). As apple fruit is derived from the ovaries of 

apple flowers, it was decided to use apple fruit cell cultures of ‘Royal Gala’, one of the most 

studied apple cultivars. However, no previous research describes ‘Royal Gala’ cortex cell 

cultures, although there are reports describing cell cultures of other parts of the plants, such 

as leaves, stem, shoots and seeds (Yao et al., 1995; Ma et al., 1998; McMeans et al., 1998; 

Magyar-Tábori et al., 2010). To fill this gap, ‘Royal Gala’ cell cultures from the cortex of the 

fruit were created. Ethylene is produced in fruit cortex during fruit ripening, a process that 

must be mimicked in cell cultures. Furthermore, the cell differentiation process during fruit 

growth mainly occurs in the fruit cortex (Devoghalaere et al., 2012). The cell cultures 

established were used as a tool for examining cell differentiation during fruit growth in vitro. 

Initial attempts were carried out to initiate callus and cell cultures using previously published 

reports as were documented on apples and pears, but none were successful. It was found that 

these cells required different growth conditions than other studied apple cell cultures. 

Therefore, this chapter describes new techniques of initiating and establishing ‘Royal Gala’ 

cortex cell cultures.  
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4.2 Results 

4.2.1 Callus induction without CK  

The attempt to induce callus from immature ‘Royal Gala’ fruit at 28 DAFB was successful 

with MS medium supplemented with 4.5 µM 2,4-D. No CK was used at this point. The callus 

induced was white, soft, and friable. Figure 4.1A and 4.1B show callus induced from the 

explants after 1.5 months of incubation. However, when separated from the explants and 

cultured on the same ingredients of MS solid medium, the callus was unable to multiply. 

Figure 4.1C shows the callus on day 0 of incubation, while Figure 4.1D shows the callus on 

day 30 of incubation. No growth can be observed in the two photographs.    

 

Figure 4.1. Callus induction from 28 DAFB - Royal Gala fruits on MS medium with 4.5 µM 

2,4-D. (A) Callus induced from the explants. (B) Callus image captured with a dissecting 

microscope. (C) Callus separated from explants on day 0 of incubation. (D) The same callus 

on day 30 of incubation. Scale bars = 1000 µm. 

 

The entire callus eventually died, even after growth with CKs supplemented in the 

growth media. All of these calli were discarded.   

A 

C D 

B 
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4.2.2 Callus induction with 6-benzylaminopurine (BAP) supplementation 

During the second attempt at callus induction, 42 DAFB young fruits of ‘Royal Gala’ were 

used as explants. At this time, apart from 2,4-D (auxin), BAP was used as a CK source in the 

medium. The explants were cultured on the MS solid medium supplemented with 4.5 µM 

2,4-D:4.5 µM BAP. Explants were incubated under similar conditions as the previous 

method. Calli that were induced were yellow and stiff. Figure 4.2A shows an explant cube of 

approximately 1cm
3
 on day 0 of incubation. Figure 4.2B shows callus induced from the 

explants at 30 days of incubation.  

  

Figure 4.2. Callus induced from 42 DAFB ‘Royal Gala’ fruits. (A) Explant on day 0 of 

incubation. (B) Callus induced from the explants. Scale bar = 1000 µm. 

 

Seeing the calluses from the explants were stiff and not friable, it was not suitable to 

produce a cell culture for the next experiment. The stiff callus was then separated from the 

explants and cultured on MS medium with a different combination of 2,4-D:BAP in order to 

determine the optimum concentration that could produce a friable callus. 

4.2.3 Optimisation of hormone concentrations for friable calluses 

From the experience of trying to regenerate calli only to find the callus could not grow with 

that medium composition, it was decided to use multiple hormone concentrations to find an 

optimum concentration for a friable callus. One month old stiff callus was separated from 

explants and cultured on several plates of MS medium, with each of them supplemented with 

different 2,4-D:BAP concentrations. The eleven concentrations tested were: 3 µM 2,4-D:3 

µM BAP, 3 µM 2,4-D:2 µM BAP, 6 µM 2,4-D:6 µM BAP, 4.5 µM 2,4-D:2.5 µM BAP, 4.5 

µM 2,4-D:3 µM BAP, 4.5 µM 2,4-D:3.5 µM BAP, 4.5 µM 2,4-D:4 BAP, 2 µM 2,4-D:2 µM 

A B 



Chapter 4: Optimised methods for callus induction and establishment in ‘Royal Gala’ cortex cell 
cultures 

111 

 

BAP, 9 µM 2,4-D:9 µM BAP, 4.5 µM NAA:4.5 µM BAP, and 4.5 µM 2,4-D:4.5 µM BAP. 

Callus growth on each medium was monitored at three timepoints, which were the start of 

incubation (day 0), day 15, and day 45 (before the next subculture). Callus was observed 

using a dissecting microscope attached with a camera (Nikon SMZ 745T, Japan) to enable 

image capture.      

Table 4.1 shows percentage of callus growth and friability during 45 days of 

incubation. Since the percentage was based on visual estimation, these results were 

accompanied with the callus pictures at three timepoints (Figure 4.3). Percentage of callus 

growth was based on comparison. In this work, the callus friability percentage was referred to 

as the friability of the callus produced with the respective medium. At the start of incubation 

(day 0), all calluses started at a similar size. All calluses produced were yellow in colour and 

granulated. At the 15th day of incubation, calluses cultured on 2 µM 2,4-D:2 µM BAP 

showed the least growth compared to the rest, while 9 µM 2,4-D:9 µM BAP caused death to 

the callus. Though the other calluses growth was moderate and not friable, the callus cultured 

on 4.5 µM 2,4-D: 4.5 µM BAP showed the largest growth and was actually friable.  

The other hormone combinations produced solid callus growth until 45 days of 

incubation. Callus cultured on 3 µM 2,4-D:2 µM BAP produced 50% growth and only 10% 

of the callus was friable. Despite 50% callus growth on medium with 6 µM 2,4-D:6 µM 

BAP, the friability of the callus was only 20%. MS medium supplemented with 4.5 µM 2,4-

D:3 µM BAP and 4.5 µM 2,4-D:3.5 µM BAP both supported 40% callus growth with 20% of 

the callus being friable. Even though most of the callus was friable (50% of the callus), the 

growth was not efficient. However, friability-wise, callus cultured on 4.5 µM 2,4-D:2.5 µM 

BAP, 4.5 µM 2,4-D:4 µM BAP, and 4.5 µM 2,4-D:4.5 µM BAP showed the most friable 

callus with 50%, 60%, and 100% friability, respectively. Among these, 4.5 µM 2,4-D:4.5 µM 

BAP produced the largest growth, which was friable, yellow, and granulated. Meanwhile, the 

rest of the mediums produced stiff callus and little growth. At the end of this experiment, 4.5 

µM 2,4-D:4.5 µM BAP was selected to be used in the next subculture to maintain callus 

growth. 
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Table 4.1. Hormone combinations tested for promotion of ‘Royal Gala’ callus after 45 days 

of incubation. Score based on visual estimation. NAA=1-Naphthaleneacetic acid. 

 

 
2,4-D (µM) 6-BAP (µM) Callus growth 

(%) 

Friability (%) 

3 3 20 20 

3 2 50 10 

6 6 50 20 

4.5 2.5 90 50 

4.5 3 40 20 

4.5 3.5 40 20 

4.5 4.5 100 100 

4.5 4 90 60 

2 2 0 0 

9 9 0 0 

4.5 (NAA) 4.5 20 10 
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Figure 4.3. Hormone concentration optimisation screen using 11 concentration combinations of 2,4-D:BAP of callus grown from 42 DAFB explants. 

Hormone concentration combinations stated are in µM. Scale bars = 1000 µm. 
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4.2.4 Callus maintenance 

Prior to cell culture, callus growth was maintained on solid medium for about 6 subcultures 

for 1.5 month intervals. It has been previously described that callus adaption to growth 

medium occurs after 4 to 10 subcultures (Liu et al., 2006). From the previous step, optimum 

hormone concentration which supported the most growth and friable callus was determined. 

Callus was then subcultured onto MS medium supplemented with 4.5 µM 2,4-D:4.5 µM 

BAP. Figure 4.4A shows an image of a callus at the start of incubation and Figure 4.4B 

shows an image of a callus at 1.5 month of incubation. This provides a visual comparison of 

adaptation of the callus to the medium. After about 6-7 subcultures, the callus was used to 

initiate cell culture in a liquid medium.  

0 day of subculture                                    1.5 month of subculture 

Figure 4.4. Callus adaptation on MS medium supplemented with 4.5 µM 2,4-D:4.5 µM BAP. 

(A) Callus image at the start of incubation. (B) Callus image at 1.5 month of incubation. 

 

4.2.5 Cell culture initiation 

Cell culture was initiated using 1 month-old callus grown on 4.5 µM 2,4-D:4.5 µM BAP. At 

this point, it was hypothesised that the cells would grow with the same media compositions as 

has been reported in many standard protocols regarding cell cultures initiation.  

A B 
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4.2.5.1 Cell culture with MS medium using 4.5 µM 2,4-D:4.5 µM BAP 

One month old callus grown on 4.5 µM 2,4-D:4.5 µM BAP was transferred into 20 ml of MS 

liquid medium supplemented with the same hormone combination (4.5 µM 2,4-D:4.5 µM 

BAP). It was found that 4.5 µM 2,4-D:4.5 µM BAP, although supporting growth, caused 

large cell clumps. Large cell clumps were not conducive to the subsequent experiments (cell 

expansion induction). As seen in the literature, auxin concentration influences the size of 

cells clumps, and specifically, higher concentrations of auxin produced smaller cells clumps. 

Figure 4.5A shows large clumps of cells which can be seen visually. Nevertheless, when 

observed under microscope, the cells demonstrated a strong multiplication rate (Figure 4.5B 

and Figure 4.5C).  

 

Figure 4.5. Cell culture initiation using MS medium supplemented with 4.5 µM 2,4-D: 4.5 

µM BAP. (A) Image of flask of the culture on day 14 of culture. (B) Microscopy image of the 

cells at the start of incubation. (C) Microscopy image of the cells on day 14 of culture. Scale 

bar = 200 µm. 

    

Despite the large cell clumps, the cell cultures continued to be subcultured by 

transferring the fine cells into fresh medium. Meanwhile, several hormone concentrations 

were tested on the cell culture. 

4.2.5.2 Hormone concentration combinations test: Hormone optimisation to improve growth 

and yield smaller cell clumps 

Several hormone concentration combinations were tested at this point by increasing auxin 

concentrations, which were: 4.5 µM 2,4-D:2.5 µM BAP, 4.5 µM 2,4-D:3.5 µM BAP, 4.5 µM 

2,4-D:3 µM BAP, 6 µM 2,4-D:6 µM BAP, 4.5 µM 2,4-D:4 µM BAP, 4.5 µM 2,4-D:4.5 µM 

BAP, and 5 µM 2,4-D:0.5 µM BAP. At the 14th day of culture, each cell culture was 

Day 14                                   Day 0                                         Day 14 

A C B 
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observed under a microscope.  No significant growth was observed in cells cultured with 6 

µM 2,4-D:6 µM BAP (Figure 4.6D), 4.5 µM 2,4-D:3 µM BAP (Figure 4.6C), 4.5 µM 2,4-

D:3.5 µM BAP (Figure 4.6B), and 4.5 µM 2,4-D:4 µM BAP (Figure 4.6E). Meanwhile the 

cells showed established growth on 4.5 µM 2,4-D:2.5 µM BAP (Figure 4.6A) and 4.5 µM 

2,4-D:4.5 µM BAP (Figure 4.6F), but there were still large cell clumps. In contrast, the cells 

cultured with 5 µM 2,4-D:0.5 µM BAP showed the best growth, with a fine and thick nature. 

When observed under microscope, this culture produced small cell aggregates which were 

less than 20 cells (Figure 4.6G).  

Figure 4.6. Microscopy images of cells cultured with different hormone concentration 

combinations of 2,4-D:BAP at 14th day of incubation. Scale bars = 200 µm. All images are at 

similar magnifications.  

 

The speed of the incubator was also an issue, as higher speed causes mechanical 

damage to the cells, while very low speed limits aeration that caused cell death. After several 

 4.5 µM 2,4-D:2.5 µM BAP  4.5 µM 2,4-D:3.5 µM BAP  4.5 µM 2,4-D:3 µM BAP 

  
   6 µM 2,4-D:6 µM BAP      4.5 µM 2,4-D:4 µM BAP    4.5 µM 2,4-D:4.5 µM BAP 

 
5 µM 2,4-D:0.5 µM BAP 

 

A 

D 

C B 

G 

F E 
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attempts, 80 rpm was found to work best for the culture. In the end, cells were continuously 

cultured on two different concentrations; 4.5 µM 2,4-D:4.5 µM BAP and 5 µM 2,4-D:0.5 µM 

BAP. 

4.2.6 Cell culture establishment 

To obtain a suitable dilution ratio during each subculture, several tests were conducted. 

Figure 4.7 shows a growth curve with a short exponential phase from a low dilution. On day 

1 of subculture, the cells started with 0.1 g/ml of weight. The weight was similar on day 2 

before it was increased to 0.15 g/ml on day 3. Cell weights continued to increase on day 4 to 

0.23 g/ml. After day 4, the cells weight became constant until day 6 of subculture. Based on 

the limited volume of the cell cultures, the measurement of each timepoint could not be 

performed in replicate. However, the growth curve of subsequent experiments was repeated 

twice to obtain more valid measurements. 

 

Figure 4.7. A growth curve of ‘Royal Gala’ cell cultures with a short exponential phase as 

the result of low dilution ratio during subcultures.  

 

Several tests determined the most favourable dilution ratio for each subculture. 

Finalised subculture dilution was described previously in Section 2.7.2 (b). To allow cells to 

slowly adapt to the new fresh medium, the stock culture was first diluted with a low dilution 

ratio. The ratio was increased on the succeeding subculture and maintain at maximum 

dilution ratio when reached 1:2 (v/v), and this was employed for all subsequent subcultures 

onwards. The cell cultures were further subcultured using this ratio three more times before 

growth curves were measured. Cell cultures were established when it produced stable growth 

curves.  
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To determine the establishment of the cell cultures, the cultures growth was 

monitored via fresh weight and growth measurements confirmed with gene expression of the 

cell division marker, MdCDKB2:2, and the cell expansion marker, MdEXP3. After two 

consecutive subcultures, stable and consistent growth curves were obtained. As shown in 

Figure 4.8 and 4.9, such growth curves were acquired over 14 days of culture, with rapid 

proliferation until the 12th day. The cells weighed 0.1 g/ml at the start of subculturing and 

increased slightly on day 3. The cell weight continued to increase and reached the maximum 

of 0.45 g/ml on the 12th day of subculture. The weight remained at the same level by day 13 

(stationary phase). On day 14, the cell weight started to drop to 0.43 g/ml, inferring the cells 

had entered death phase, at which point the cell culture was further subcultured.  

The cells collected for fresh weight measurements were used for gene expression 

analysis to investigate cell activity at molecular level. Expression of MdCDKB2:2 started 

below 0.01 (relative to MdGAPDH) on day 2 of subculture (lag phase). On day 3, the 

expression increased by almost 4-fold to 0.04. The high expression peak showed that the cells 

were undergoing high cell division activity, and this was expected during acceleration phase 

(Monon, 2012). The expression then decreased gradually and reached its lowest, below 0.01 

(relative to MdGAPDH) on day 14 of subculture. The expression of MdCDKB2:2 suggested 

that the cell cultures exhibited strong proliferation activity. Meanwhile, expression of the cell 

expansion marker, MdEXP3, was below that of MdCDKB2:2 expression (and relative to 

MdGAPDH) at all timepoints throughout subculturing. This is indicative of cell expansion in 

the cell culture being at a minimal level, evidence against the possibility that the cells might 

already be in a cell expansion state prior to hormone treatment. Meanwhile, low expression of 

ripening-related marker, MdACO1, was seen throughout subculturing.  
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Figure 4.8. Growth curve 1 throughout 14 days of culture versus relative expression of 

MdEXP3, MdCDKB2:2, and MdACO1, and the fresh weights. All expression is relative to 

MdGAPDH. Error bars = standard deviations; n=3 (technical replicates). The relative 

expression levels between markers were significantly different; ANOVA (two-way), p-value 

≤0.05. 

 

Figure 4.9 shows a growth curve measurement following subculture. The cell weight 

started at 0.17 g/ml on day 1 of the subculture. At this stage, cells are in the lag phase where 

they were adapting to freshly added medium. When cells entered the acceleration and 

exponential phases (day 3 until day 12), the cell weight increased continuously until 0.44 

g/ml. No weight gain was observed between day 12 and day 14 of subculture. The cell culture 

was subcultured during the stationary phase (day 14) and therefore, no death phase was 

observed on this growth curve. In general, this growth curve was consistent with the previous 

curve (Figure 4.8). MdCDKB2:2 expression was at very low levels on days 1 and 2 (lag 

phase), below 0.005 (relative to MdGAPDH). Similar to the previous curve (Figure 4.8), 

during the acceleration phase, gene expression increased to the highest level expression at 

0.02 (relative to MdGAPDH), which is a 7.3-fold increase between day 2 and 3. Enhanced 

expression of MdCDKB2:2 indicated high cell division activity in the cells. The expression 

then gradually decreased and reached the lowest point on day 14 (below 0.005, relative to 

MdGAPDH). Consistent with the previous curve, expression of MdEXP3 was below 

MdCDKB2:2 at all timepoints throughout the subculture period. Similar to the Rep1 curve, 

low expression of MdACO1 in this auxin-and-CK-requiring cell culture was evidence that 

this cell culture is responsive to ethylene production, and therefore suitable for ripening 

induction studies.     
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Figure 4.9. Growth curve 2 throughout 14 days of culture versus relative expression of 

MdEXP3, MdCDKB2:2, and MdACO1, and the fresh weights. All expression is relative to 

MdGAPDH. Error bars = standard deviations; n=3 (technical replicates). The relative 

expression levels between markers were significantly different; ANOVA (two-way), p-value 

≤0.05. 

 

In addition to fresh weight and gene expression, cell aggregate formation was also 

monitored under the microscope. Figure 4.10 shows microscopy images of the cell cultures at 

each timepoint (1-day intervals) throughout the 14 days of growth. The cell shape is spherical 

which shows that it was embryogenic and suitable for somatic embryogenesis induction. 

From day 1 until day 3, cell aggregates were small. As the growth rate increased, the cells 

formed larger cell aggregates, seen on day 4 until day 7. Cell aggregates were separated into 

smaller aggregates from day 8 until day 14. 

 

Following subculture (growth curve 2), cells started with smaller aggregates on day 1. 

On day 2, cell aggregates became larger until day 9 of subculturing. From day 10 till day 14, 

cell aggregates were separated into smaller groups of cells (Figure 4.11). The cell cultures 

were maintained and subcultured for 2 months prior to being used for cell expansion 

induction experiments (Iantcheva et al., 2005). 
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Figure 4.10. Microscopy images of cell cultures for growth curve of replicate 1 shows cell 

clumps dissociates to form smaller cell clumps towards end of subculture. Cells at 11th day 

were used for induction experiments. Scale bars = 200 µm.  
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Figure 4.11. Microscopy images of cell cultures for growth curve 2 shows cell clumps 

dissociates to form smaller cell clumps towards end of subculture. Cells at 11th day were 

used for induction experiments. Scale bars = 200 µm. 
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Overall, based on the growth curves and cell morphogenesis, after 11 days, there was 

no further increase in cellular weight, cells lost adhesion and formed smaller aggregates, and 

they still showed significant viability on the 12 day old culture. Therefore, cell cultures at the 

11th day were chosen for assessing hormonal treatment of cell expansion and ripening 

induction. This was achieved by developing a screening strategy in multi-well plates using 

different gradients of hormones across the plate to induce actively dividing cells to enter the 

cell expansion phase, with a focus on auxins, CKs and GAs. 

Figure 4.12 shows the comparison of cell culture thickness between day 0 and day 14 

of subculturing. Images in the top row show cell cultures that were grown with 5 µM 2,4-

D:0.5 µM BAP. Images on the bottom show cell cultures that were grown with 4.5 µM 2,4-

D:4.5 µM BAP. Both cell cultures showed robust growth and thickness. However, cultures 

grown with 5 µM 2,4-D:0.5 µM BAP produced finer cell suspensions compared to cultures 

grown with 4.5 µM 2,4-D:4.5 µM BAP. Cell cultures grown with 4.5 µM 2,4-D:4.5 µM BAP 

showed strong growth and were maintained using similar methods for cultures grown with 5 

µM 2,4-D:0.5 µM BAP. 

 

Figure 4.12. Comparison of cell culture thickness on day 0 of subculturing (before 

incubation started) with day 14 of culture. On top: culture grown with 5 µM 2,4-D:0.5 µM 

BAP; left: day 0; right: day 14. Below: culture grown with 4.5 µM 2,4-D:4.5 µM BAP; left: 

day 0; right: day 14. 

 

4.2.7 Viability test 

To evaluate the viability of cell cultures, 12 day old cultures (at stationary phase) were 

stained using 1% Evans Blue dye. Non-viable cells were stained dark blue, whereas viable 
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cells were not stained or acquired a faint blue colour (Silva & Menéndez-Yuffá, 2006). Two 

controls were tested together during the experiment. Figure 4.13A shows the control non-

viable cells, that were heat fixed prior the staining. The cells absorbed the dye and therefore 

appeared shrunken and dark blue in colour. Figure 4.13B shows a control of viable cells that 

were not stained or treated with the dye. The cell shape was spherical and healthy. Figure 

4.13C shows the test cells that were viable and were stained. The cells appeared faint blue in 

colour with a round shape, denoting viability.  

    

Figure 4.13. Microscopy images during viability test on 12 day old cell cultures. (A) Control 

of non-viable cells (stained). (B) Control of viable cells (no staining). (C) Test cells (stained). 

Scale bar A =100 µm; scale bars B and C = 200 µm. 
 

4.2.8 RNA quantification 

For gene expression purposes, RNA from 1 ml of cells from the fresh weight measurements, 

was extracted. DNAse treatment was carried out on each sample to avoid DNA 

contamination in the samples. Table 4.2 shows RNA concentrations from cells on the growth 

curve 1. RNA of all samples produced a concentration of more than 100 ng/µl and ideal ratios 

of 260/280 and 260/230, signifying that all samples were of a best quality. 

A C B 
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Table 4.2. RNA extracted from cell cultures during growth curve 1 measurement. 

Sample (Day) Concentration (ng/µl) 260/280 260/230 

2 128.7 2.10 1.98 

3 250.2 2.13 2.12 

4 208.1 2.11 2.06 

5 230.2 2.11 2.10 

6 256.5 2.10 2.14 

7 277.7 2.10 2.11 

8 290.2 2.11 2.17 

9 325.1 2.11 2.19 

10 307.8 2.12 2.15 

11 297.8 2.12 2.13 

12 357.7 2.10 2.15 

13 316.2 2.10 2.17 

14 246.3 2.12 2.11 

 

RNA samples that were extracted for gene expression analysis for growth curve 2 

were as stated in Table 4.3. DNAse treatment was also carried on each sample. RNAs of all 

samples produced concentrations of more than 100 ng/µl and ideal ratios of 260/280 and 

260/230, again suggestive of the samples being best in quality. 

Table 4.3. RNA extracted from cell cultures during growth curve 2 measurement. 

Sample (Day) Concentration (ng/µl) 260/280 260/230 

1 167.6 2.08 2.10 

2 228.1 2.08 2.15 

3 393.1 2.07 2.20 

4 570.9 2.05 2.08 

5 395.4 2.07 2.18 

6 412.5 2.04 2.16 

7 304.6 2.08 2.17 

8 268.1 2.05 2.14 

9 153.1 2.08 2.07 

10 305.3 2.06 2.15 

11 221 2.05 2.13 

12 173.6 2.08 2.10 

13 104.1 2.07 1.95 

14 104.3 2.07 1.81 
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4.3 Discussion 

This chapter has detailed the establishment of cell cultures through optimising the available 

methodology. At this point, the established cell cultures remain undifferentiated and appeared 

to mimic the first stage of fruit growth: cell division. Plant tissue culture techniques have 

been made use of quite substantially in the literature (Codron et al., 1979; Church, 1993; 

Ferguson et al., 1994; Redig et al., 1996; Bowen et al., 2002; Mewis et al., 2011; Al-Khayri, 

2012). Plant cell culture possesses many advantages as it enables direct manipulation of the 

cells. In this research, it was observed that the cell culture required 14 days to complete one 

cycle of subculture whereas the callus required 1.5 month. This indicates the advantage of 

cell culture that they grow faster than callus cultures and it is easily modified.  

In addition, in vitro cell cultures had a major benefit in that the effects of different 

hormone combinations could be closely studied and monitored by looking at the expression 

of marker genes during specific stages of fruit development. As mentioned earlier, compared 

to whole plant evaluation, plant cell cultures have shorter life cycles and are free from 

environmental changes such as climate, soil quality, season, and day length (Sun et al., 2011; 

Xu et al., 2011a). The use of plant cell cultures in producing active health ingredients has 

been widely exploited, particularly secondary metabolites (Cai et al., 2012; Huang & 

McDonald, 2012; Wilson & Roberts, 2012; Ali & Abbasi, 2013; Barbulova et al., 2014; Han 

et al., 2014; Kim et al., 2014; Murthy et al., 2014; Nohynek et al., 2014), like anthocyanin 

production (Gagné et al., 2011; Mewis et al., 2011; Qu et al., 2011). In fact, recently, a 

tobacco suspension culture was reported to capable of producing human biopharmaceutical 

proteins (Brandsma et al., 2010; Sun et al., 2011). Additionally, apple cell cultures (called 

“PhytoCellTec”) of Swiss apple (Malus domestica) have been used in the cosmetic industry 

to combat skin ageing (Barbulova et al., 2014).  

Cell cultures have also been used to develop plant varieties tolerant to salinity (Liu et 

al., 2006), drought (Smith et al., 1985; Dracup, 1991), and heat stresses (Wang et al., 2001; 

Bowen et al., 2002), as well as in inducing cell differentiation (Church, 1993; Kalev & Aloni, 

1998). These reports all suggest that plant cell cultures can be manipulated externally through 

changes in the composition of the culture medium (Zažimalová et al., 1995; Mustafa et al., 

2011; Moscatiello et al., 2013). However, despite of the advantages, plant cell cultures are 
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known to prone to contamination and difficult to initiate which usually takes at least one year 

of work in initiating and establishing a cell culture (Chabane et al., 2007).  

Many apple cultivars have also been used for callus induction and cell cultures, like, 

for example, Crab apple (Hao et al., 2005; Liu et al., 2006) and ‘Braeburn’ (Wang et al., 

2001; Bowen et al., 2002). Pears (Pyrus communis), ‘Braeburn’, and ‘McIntosh’ (their red 

flesh has been previously successfully grown in media without either auxin or CKs) (Codron 

et al., 1979; Ferguson et al., 1994; Barker et al., 1998; Wang et al., 2001; Konan et al., 2010). 

However, my repeated attempts to grow ‘Royal Gala’ calluses on such media were not 

successful. It was possible to induce the callus in medium without CK, but the callus failed to 

multiply when separated from its explants. This is probably because explants may contain of 

hormones that have been supplied for callus growth. This is different from the ‘Braeburn’ 

fruit callus, indicating that hormone interactions in plants are complex, even within similar 

plant species. From the tests conducted with varying hormone concentrations, it was found 

that ‘Royal Gala’ fruit cells required both auxin and CK to support growth.  

Eleven hormone combinations were tested containing 2,4-D:BAP or NAA:BAP in 

order to determine the optimal hormone combinations for callus growth and maintenance. 

The tested hormone combinations were selected from the literature (Matsuoka & Hinata, 

1979; Liu et al., 2006; Joyner et al., 2010; Gopitha et al., 2010; Mustafa et al., 2011). The 

most suitable concentration combination was chosen based on callus friability and maximum 

multiplication ability. Calluses maintained on MS medium supplemented with lower 

concentration than 4.5 µM 2,4-D showed the least growth, some eventually dying, indicating 

concentration lower than that is not sufficient to support ‘Royal Gala’ callus growth. This 

was also observed with M. truncatula callus (Neves et al., 1999). This finding indicates auxin 

ultimate role in stimulating cell division, particularly in cell culture (Perrot-Rechenmann, 

2010). From the hormone screen, it was found that combination of 2,4-D:BAP were 

absolutely required to support callus growth maintenance on MS medium. The presence of 

CK is compulsory in many cell cultures as this hormone interacts with auxin in supporting 

cell division (Perrot-Rechenmann, 2010). Ultimately, it was found that calluses induced from 

the flesh of 42 DAFB ‘Royal Gala’ fruit using MS medium supplemented with 4.5 µM 2,4-

D:4.5 µM BAP were the most friable, soft, and showed the most efficient growth.  
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Synthetic auxins, such as 2,4-D or NAA, are commonly added to plant cell culture 

media to support the cell multiplication process (Church, 1993; Ferguson et al., 1994). In the 

present study, calluses grown on MS medium supplemented with NAA showed no growth, as 

was also observed in M. truncatula callus (Neves et al., 1999). In this research, it was found 

that ‘Royal Gala’ callus induction and maintenance were supported by the presence of 2,4-D 

and 6-BAP. There are a wide variety of hormone growth requirements among apple cultivars, 

as there are apple callus and suspension cultures that were grown with only 2,4-D (Wang et 

al., 2001; Bowen et al., 2002) while others required the presence of both 2,4-D and BAP (Liu 

et al., 2006) or both NAA and BAP (Yao et al., 1995). As a point of interest, tobacco 

suspension cultures have also demonstrated variety in this regard as some have been grown 

with 2,4-D while inhibited by NAA (van der Zaal et al., 1991), and others seemed to need the 

opposite (Smolenskaya et al., 2007). These reports all suggest that the two auxin analogs 

affect cell culture growth of different plant species in diverse ways. Meanwhile, high level of 

CKs to auxin have been described to induce shoot formation and suppress root formation and 

the reverse induces root formation (Thorpe, 2013), with the most common CKs in tissue 

culture being BAP, kinetin (N-2-furanylmethyl-1H-purine-6-amine), 2iP (6-

dimethylaminopurine), zeatin (6-4-hydroxy-3-methyl-trans-2-butenylaminopurine), and TDZ 

(thiazuron-N-phenyl-N-1,2,3 thiadiazol-5ylurea) (Ali & Abbasi, 2013; Tsuchiya et al., 2013; 

Alaiwi et al., 2014; Geipel et al., 2014; Ji et al., 2015; Nohynek et al., 2014).  

To obtain a fine cell culture, a callus with a friable texture is usually a necessity. High 

callus friability is an important factor for successful suspension initiation because of the need 

for easy fragmentation during agitation (Evans et al., 2003). Calluses were maintained on a 

solid MS medium containing the optimum hormone concentration for about nine months 

before they were used for cell culture initiation. Calluses are reported to adapt to in vitro 

environments within 4–10 subcultures (Liu et al., 2006). Usually, to establish liquid cell 

culture from calluses, cells from a friable callus are re-suspended in the same medium but 

without the agar. This was attempted for the ‘Royal Gala’ fruit calluses by transfer to a MS 

liquid medium supplemented with 4.5 µM 2,4-D:4.5 µM BAP, (the same hormone 

concentrations that were used on solid media), and maintained for about one month. 

Although the cell cultures had robust growth, the cells were heterogeneous with mixtures of 

large and small cell aggregates, as well as large and stiff cell clumps.  The non-uniform cell 
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clump size is a common problem for the culture of cells from higher plants (Wallner & 

Nevins, 1973) and has been observed in apple cell cultures (Wang et al., 2001). Usually, 

small aggregates are produced in these cultures by separation from large aggregates (Wallner 

& Nevins, 1973; Kolewe et al., 2012).  

Auxin concentrations were reported to determine the size of cell aggregates; high 

NAA concentrations produce small cell clumps and low auxin concentrations result in a 

decrease or cessation of cell division (Wallner & Nevins, 1973). This effect may result from 

the role of auxin in cell wall modification, which might cause cells to separate into smaller 

clumps (Wallner & Nevins, 1973; Masuda, 1990; Catalá et al., 2000). This observation 

indicates the importance of optimum concentrations of hormones in the culture medium in 

establishing the growth of cell cultures (Smolenskaya et al., 2007). To overcome this 

problem, small cell aggregates were separated from the cultures and transferred into different 

MS media containing seven concentrations of 2,4-D:BAP to identify the optimum 

concentrations for obtaining small cell aggregates. From the test, media containing 5 µM 2,4-

D:0.5 µM BAP resulted in significant growth with a size of >20 cell aggregates, making it 

suitable for cell expansion induction experiments. This hormone concentration was used for 

the following subculture onwards. From the cell morphology assessment, the cell cultures 

obtained in the present work were dark-yellow and comprised of small and large cell 

aggregates. The cells themselves were spherical, small, and contained dense cytoplasm. This 

cell type is usually described as embryogenic competent. These cell cultures can be 

maintained by subculturing at the end of the stationary phase using fresh medium without 

losing embryogenic capacity (Jiménez et al., 2013; Qamar et al., 2014).  

Usually plant cell cultures require aeration speed in the range of 50-200 rpm (Scragg 

et al., 1988; Leckie et al., 1991; Wu & Zhong, 1999). Some plant species, for example, 

tobacco BY-2 cells, require vigorous aeration by using 120 rpm shaker speed during the 

incubation while apple cv ‘Braeburn’ and pears used 100 rpm during the incubation (Codron 

et al., 1979; Bowen et al., 2002).  In the current work, it was found that 100 rpm speed caused 

damage to the cells as most of the cells tend to shear. Therefore, an optimal aeration speed is 

crucial for establishing this cell culture, as high speeds cause mechanical damage to the cells 

and very low speeds result in cell death (Scragg et al., 1988). The optimal speed used in this 
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study for ‘Royal Gala’ fruit cell cultures was 80 rpm and this minimised the mechanical 

damage to the cells. 

The dilution ratio is another crucial parameter that needs to be optimised in the 

subculture process. The purpose of subculturing is to provide fresh nutrients to the cells for 

growth (Jha & Ghosh, 2005). During subculture, an existing culture is diluted with fresh 

medium at a suitable ratio in order to bring the cells back to lag phase and provide space for 

new cells to grow (Vasil & Vasil, 2012). However, dilution with too much fresh medium will 

result in low cell-to-cell cohesion and interaction, thus decreasing culture growth (Jha & 

Ghosh, 2005). In contrast, dilution with too little fresh medium will not provide enough space 

for growth, as cells need to be in the lag phase in order to promote growth (Vasil & Vasil, 

2012). If there is not enough space for growth, the exponential growth phase of the culture 

will be shortened (Jha & Ghosh, 2005). Cell culture of M. truncatula (Iantcheva et al., 2005) 

and tobacco (Nicotiana tabaccum cv. BY-2) required 1:1 dilution ratios and are subcultured 

for 1 week intervals. In the present study, ‘Royal Gala’ fruit cell cultures were maintained at 

a higher dilution ratio, which was 1:2 (existing culture:new medium) and were subcultured 

for 2 week intervals. This suggested that high dilution ratios during subculturing prolong the 

exponential phase.  

Establishment of cell cultures was normally determined by the stabilisation of the 

growth curve. At the end of this part of the study, it was demonstrated that the cell cultures 

had become established, showing cell division until day 11 and reaching stationary phase on 

day 12 of subculture. In other plant cell cultures, cell division gradually decreases after 12 

days of culture (Wallner & Nevins, 1973; Kolewe et al., 2012). Non-viable cells were stained 

dark blue, whereas viable cells were not stained or acquired a faint blue colour (Silva & 

Menéndez-Yuffá, 2006). In the present study, cultured cells were not stained or were clear 

blue, evidence that the cells were viable. Tests of cultured cells in subsequent experiments 

indicated those cells were also viable.  

The developmental state of the cell cultures at the gene expression level were carried 

out to confirm the active growth of the cell culture by using specific markers (as described 

earlier in Chapter 3), the markers were CDKB2:2 for cell division (Dash & Malladi, 2012), 

EXP3 for cell expansion (Wakasa et al., 2003), and ACO1 (Schaffer et al., 2007; Schaffer et 
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al., 2013) for maturation and ripening. Expression of the three genes (CDKB2:2, EXP3, and 

ACO1) were measured in two consecutive subcultures of the Royal Gala cell culture. 

Confirmation that the cell cultures were active and dividing was through sharing elevated 

expression of MdCDKB2:2, where it reached peak of expression on the third day of 

incubation. Expression then declines, reaching a minimum between 9-11 days after 

subculturing. There was a low expression of the apple cell expansion gene, EXP3, with a 

small increase in expression 3-6 days following subculturing. This suggested that cultures are 

not actively expanding under those hormone concentration conditions. After 11 days, there 

was no further increase in cellular weight, cells lost adhesion and formed smaller aggregates, 

and still showed significant viability on the 12 day old culture.  

Low expression of MdACO1 was observed throughout the subculture period. This 

indicated that the cell culture was not producing ethylene which could possibly influence the 

hormonal treatment for ripening induction and was habituated, making it sensitive to ethylene 

induction. Usually, in auxin-dependent cell culture, habituation to auxin was common which 

occurred after repeated subcultures in which the cell culture survives without auxin in the 

medium. In other words, the cell growth is no longer dependent on auxin and the presence of 

auxin in the medium is no longer relevant to cell culture growth. Habituation to auxin is 

normally observed in auxin-requiring cell culture as a result of repeated subcultures. In 

habituated tobacco cell culture, low ethylene production was observed in the cell culture 

compared to auxin-requiring culture (unhabituated), demonstrating action by 2,4-D in the 

medium (Koves & Szabo, 1987).  

Ethylene production is varied among different plant species (Gamborg & Larue, 1968; 

Biddington, 1992; Grossmann et al., 1993). In ‘Golden Delicious’ cortex apple fruit cells, 

ethylene production was suppressed in an active dividing cell culture with the presence of CK 

or gibberellins, and stimulated with auxin (Lierberman et al., 1979; Biddington, 1992). 

Therefore in the current study, with the presence of CK in the growth medium, ethylene 

production was suppressed throughout subculturing. This observation indicates the sensitivity 

of the cell culture to the ethylene inhibitor, CK, thus making it suitable for ripening induction 

studies. The current work demonstrated that the established cell cultures remained 

undifferentiated and appeared to mimic the first stage of fruit growth: cell division. In 

addition, from cell aggregates assessment, cell cultures at the 11th day were chosen for 
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assessing hormonal treatment of cell expansion and ripening induction, described in Chapter 

5. 
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Chapter 5: Induction of cell differentiation in ‘Royal Gala’ cortex cell 

cultures 

 

5.1 Introduction 

Cells in the ovary undergo differentiation process to become mature cells (Devoghalaere et 

al., 2012). The term ‘differentiation’ can be used to describe the development of different 

specialized types of mature cells within an organ or tissue, or to the changes that occur during 

the development of a meristematic cell into a mature cell, which usually involves cell 

division and cell expansion (Anastasiou & Lenhard, 2008). In this study, cell differentiation 

was defined as changes of undifferentiated meristematic cells into differentiated cells that 

divide, expand and ripen, as is likely to occur in vivo in developing fruit. 

This chapter describes attempts to create a system that mimics the fruit growth 

processes while the fruit is on the trees from the undifferentiated phase to the differentiated 

phase. If cell cultures can be used to mimic the processes that occur in developing fruit, it 

would permit investigation of fruit development off the tree. This would eliminate the 

difficulties associated with the timecourse from pollination to harvest that requires up to 4 

months to complete the cycle, as well as two years to obtain two sets of data. Cell culturing is 

the only approach that enables plants to be grown in vitro. In addition, by using cell cultures 

as a system, the effects of added hormones on cultured cells can be closely studied and 

monitored using a gene expression approach. Cell cultures can also be manipulated externally 

through changes in the composition of the culture medium (Zažimalová et al., 1995; Mustafa 

et al., 2011; Moscatiello et al., 2013). This permits the initiation of cell differentiation into 

expanded cells and then ripened cells. This chapter describes cell differentiation induction of 

the rapidly dividing cells of ‘Royal Gala’ cell cultures that were previously established 

(described in Chapter 4). 
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5.2 Results 

For each hormone combinations (2,4-D:BAP; 2,4-D:GA3), three levels of screening were 

conducted; using 96-, 24-, and 6-well plates in order to find the best concentrations that 

induce maximum cell expansion. The 24-well plate screenings for 2,4-D:BAP and 2,4-D:GA3 

were repeated once with only cell size being measured. The 6-well plate tests for all hormone 

pairs were repeated twice, with both cell size and gene expression analysis being performed. 

All results for repeats are included in Appendices. 

5.2.1 Induction of cell expansion using 2,4-D:BAP 

After the cell cultures of rapidly dividing cells were established (Chapter 4), cell culture at 

11th day was selected for cell expansion experiments. 

5.2.1.1 96-well plate: cell expansion induction using 2,4-D:BAP 

A wide range of different concentrations of 2,4-D:BAP hormones were used to trigger cell 

expansion in 96-well plates. Figure 5.1 shows microscopy images of cells treated with 

different concentrations of the hormone pairings – namely, the auxin, 2,4-D, and the CK, 

BAP. The concentrations were determined based on published literature on tracheid element 

differentiation studies during cell expansion tests (Church, 1993). These reports demonstrated 

that cells divide when cultured in medium containing 0.5 µM NAA:0.005 µM BAP, while 

cells expand when cultured in medium also containing 0.5 µM NAA:0.005 µM BAP. 

However, as the cell culture was established in medium containing 5 µM 2,4-D:0.5 µM BAP, 

the minimum concentration that was used to induce cell expansion was increased to 5 µM 

2,4-D:0.05 µM BAP. Sixty four hormone concentration combinations were used within this 

range. On day 4 of incubation, cells from selected wells (Chapter 2, Figure 2.1) were 

observed under microscope and images were taken.     

Based on the cell images, several hormone concentration combinations that showed 

promising cell expansion activity were re-selected. Concentrations of 0.2 µM 2,4-D:0.2 µM 

BAP, 1 µM 2,4-D:1 µM BAP, and 0.2 µM 2,4-D:5 µM BAP showed greater cell expansion 

when compared to control cells that were treated without hormones (Figure 5.1). However, 

the results were limited as gene expression analysis could not be performed (limited sample 
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volume required for adequate RNA, as each well of the 96-well plate contained 200 µl of 

sample only). In addition, because of the narrow space of the wells, the cells were not aerated 

properly throughout the incubation period which resulted in inefficient cell expansion. Most 

of the cells died and only several samples showed best quality of cell images. However, the 

96-well plate tests showed that cell expansion was not supported at higher ratio hormone 

concentrations, as can be seen with cells cultured with 3 µM 2,4-D: 5 µM BAP and 5 µM 

2,4-D:5 µM BAP (Figure 5.1).   
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Control 

 

0.1 µM 2,4-D:0.05 µM BAP 

 

0.5 µM 2,4-D:0.5 µM BAP 

 

1 µM 2,4-D:1 µM BAP 

 
0.1 µM 2,4-D:5 µM BAP 

 

0.2 µM 2,4-D:5 µM BAP 

 

0.5 µM 2,4-D:0.5 µM BAP 

 

0.1 µM 2,4-D:0.1 µM BAP 

 
Figure 5.1. Microscopy of cells treated with different hormone combinations of 2,4-D:BAP on day 4 of treatment using a 96-well plate. Scale 

bars = 200 µm. 
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5.2.1.2 24-well plate: cell expansion induction using 2,4-D:BAP 

Selected hormone concentration combinations from the 96-well plate test were re-tested 

using 24-well plates. Other possible concentrations were also tested. To maintain consistency, 

the incubation period and preparation methods undertaken were similar to the previous 

experiment. On day 4 of treatment, cells from each well were sampled to undergo cell 

diameter measurement and gene expression analysis. Cell expansion of the treated cells was 

determined by measuring the longest diameter of the cells. The 10 most expanded cells were 

selected during this process. Cell expansion was also confirmed by the expression of 

MdEXP3. From these results, the concentrations resulting in the greatest average cell 

diameter and highest MdEXP3 expression were selected for further testing on 6-well plates. 

The expansion rate was calculated by subtracting the diameter of cells on day 4 from day 0 

measurements. MdCDKB2:2 and MdEXP3 expression was compared between day 0 and day 

4 samples. 

Figure 5.2 shows average cell diameter of every hormone concentration tested in the 

24-well plate test. Hormone concentrations were labelled with letters and numbers (refer to 

Table 5.1). For every hormone concentration combination, the 10 most expanded cells were 

selected and the longest diameter of each of those cells was measured. Cell images that were 

used for cell diameter measurement are stated in Figure 5.3; the average diameter for every 

hormone concentration was calculated. Concentrations that produced large average cell 

diameter relative to control cells (labelled as A1) were the most expanded cells. From the 

graph, hormone concentration combinations 0.1 µM 2,4-D:1 µM BAP (labelled as C3) and 

0.1 µM 2,4-D:5 µM BAP (labelled as C5) experienced the most expansion relative to control 

cells. Overall, most of the concentration combinations with high BAP concentration (labelled 

with C and D) produced larger cells compared to lower BAP concentrations (labelled with A 

and B). This result supports the role of the CK’s, BAP, in inducing cell expansion in cell 

cultures, as has been previously observed (Church, 1993).  
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Table 5.1. Concentrations of 2,4-D:BAP description. 

ID Description ID Description 

A1 Control C1 0.1 µM 2,4-D:0 µM BAP 

A2 0 µM 2,4-D:0.5 µM BAP C2 0.1 µM 2,4-D:0.5 µM BAP 

A3 0 µM 2,4-D:1 µM BAP C3 0.1 µM 2,4-D:1 µM BAP 

A4 0 µM 2,4-D:3 µM BAP C4 0.1 µM 2,4-D:3 µM BAP 

A5 0 µM 2,4-D:5 µM BAP C5 0.1 µM 2,4-D:5 µM BAP 

A6 0 µM 2,4-D:7 µM BAP C6 0.1 µM 2,4-D:7 µM BAP 

B1 0.05 µM 2,4-D:0 µM BAP D1 0.5 µM 2,4-D:0 µM BAP 

B2 0.05 µM 2,4-D:0.5 µM BAP D2 0.5 µM 2,4-D:0.5 µM BAP 

B3 0.05 µM 2,4-D:3 µM BAP D3 0.5 µM 2,4-D:1 µM BAP 

B4 0.05 µM 2,4-D:3 µM BAP D4 0.5 µM 2,4-D:3 µM BAP 

B5 0.05 µM 2,4-D:5 µM BAP D5 0.5 µM 2,4-D:5 µM BAP 

B6 0.05 µM 2,4-D:7 µM BAP D6 0.5 µM 2,4-D:7 µM BAP 

Figure 5.2. Average diameter of cells cultured with hormone pairs 2,4-D:BAP with 23 

concentration combinations and one control (no-hormone). Each sample was labeled with 

letters and numbers as stated in Table 5.1. Error bars = SEM; n=10. Star symbols denote 

selected concentration combinations for subsequent experiments and they were significantly 

different relative to control (A1), t-test, p-value ≤ 0.05. 

 

 The cell diameter measurements of each hormone concentration combination were 

accompanied by gene expression analysis using two markers, MdCDKB2:2 and MdEXP3. 

Figure 5.4 shows relative expression of MdCDKB2:2 and MdEXP3 on day 4 of treatment 

relative to control cells (labelled A1). The expected high expression of MdEXP3 with C3 and 

C5 concentrations was not observed. In terms of C3 concentration, MdCDKB2:2 expression 

had a 4-fold change while MdEXP3 had a 3-fold change, both relative to control cells (A1) on 

day 4 of treatment. Meanwhile, the C5 concentration produced lower MdEXP3 

concentrations than did MdCDKB2:2 relative to control cells (A1). In general, the graph 

shows high expression of MdCDKB2:2 when MdEXP3 is also high. This suggests that cell 

division has not completely ceased during the treatment, as reported in the literature (Church, 
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1993). The best hormone concentrations that were selected for next screening were based on 

the expression of MdEXP3 or the presence of large cell diameter.  

When viewing Figure 5.4, only the B2 concentration (0.05 µM 2,4-D:0.5 µM BAP) 

and C6 concentration (0.1 µM 2,4-D:7 µM BAP) showed 3-fold higher MdEXP3 expression 

over MdCDKB2:2. However, B2 cell diameter was not the largest among the rest of the 

concentrations, although there was a small size increase when compared to the control cell 

size that was too small to be significant. The remaining concentration combinations did not 

produce consistent results for both cell diameter and gene expression analysis. For example, 

C3 cell diameter was the largest (50 µm size increase relative to control cells) but it yielded 

higher MdCDKB2:2 expression than MdEXP3, and expression was not clearly higher than the 

control sample. Therefore, this concentration was not selected for subsequent testing. 
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Figure 5.3. Microscopy of cells of every hormone concentration combination tested on 11 day old cell cultures using a 24-well plate. Hormone 

concentrations are labeled with letters and numbers as stated in Table 5.1. The images were taken on day 4 of treatment. Scale bars = 200 µm. 
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Figure 5.4. Gene expression of MdCDKB2:2 and MdEXP3 for every hormone concentration 

combination relative to MdGAPDH on day 4 of treatment. Error bars = SEM; n=3 (technical 

replicates). Star symbol indicates promising concentration combination for cell expansion 

induction and was significantly different between the two markers, t-test, p-value ≤0.05. 

Arrows represent samples that did not have observable gene expression. Hormone 

concentrations are described in Table 5.1. 

 

5.2.1.3 6-well plate: cell expansion induction using 2,4-D:BAP 

Using a 6-well plate test, selected hormone concentration combinations from the 24-well 

plate were re-tested. In addition to these concentrations, another 2 concentrations were tested 

based on the literature and the 96-well plate results, being the 1 µM 2,4-D:1 µM BAP and 0.2 

µM 2,4-D:5 µM BAP concentration combinations.  

Cell diameter was measured on day 0 and day 4 only. To observe differential 

expression of the markers throughout the treatment, gene expression analysis was carried out 

at 1 day intervals. At the end of this experiment, the hormone concentrations that induced the 

largest expansion and produced the most consistent results between the two analyses (cell 

diameter measurements and gene expression) were selected. Cells treated with 1 µM 2,4-D:1 

µM BAP resulted in the greatest expansion by day 4 of incubation, where the cell diameter 

was 2.1-fold that of day 0 (Figure 5.5). Cell microscopy images of 1 µM 2,4-D:1 µM BAP, 

on day 4 were clearly larger than those sampled on day 0 (Figure 5.6). The remaining 

hormone concentration combinations produced lower cell expansion rate and/or inconsistent 

with gene expression analysis. 0.2 µM 2,4-D:5 µM BAP showed only a 1.7-fold cell size 

increase by way of cell diameter. 0.05 µM 2,4-D:0.5 µM BAP produced a 2.3-fold cell size 

enlargement relative to day 0 cell size. 0.1 µM 2,4-D:3 µM BAP yielded a 2-fold size 

increase on day 4 compared to cell size on day 0. 0.5 µM 2,4-D:7 µM BAP produced a 2.1-
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fold cell size increase on day 4 versus day 0. Meanwhile, control cells (cultured without 

hormones) showed minimal expansion, just as expected from earlier studies indicating that 

cells cultured in the absence of auxin do not grow (Wallner & Nevins, 1973; Van der Zaal et 

al., 1991; Kolewe et al., 2012).  

 

Figure 5.5. Average cell diameter for each hormone concentration combination tested on the 

6-well plate on day 0 and day 4 of treatment. The star symbol denotes the concentration 

combination that yielded the largest expansion and consistent with gene expression. Error 

bars = SEM; n=10. Except the control, the relative expression of every hormone 

combinations were significantly different between day 0 and day 4; t-test, p-value ≤0.05. All 

concentrations stated are in µM. 
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Figure 5.6. Microscopy of cells of every hormone concentration combination on day 0 and day 4 of treatment using a 6-well plate. Scale bars = 

200 µm. 
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5.2.1.4 Gene expression analysis of 2,4-D:BAP treatment 

Among the hormone concentration combinations tested, cells treated with 1 µM 2,4-D:1 µM 

BAP produced the most consistent results between cell diameter measurement and gene 

expression analysis. The expansion of the cells treated with this hormone concentration 

combination was confirmed by a 3-fold increase in MdEXP3 expression relative to expression 

on day 0 (Figure 5.7).  

For the remaining concentrations, the cell diameter and gene expression results were 

inconsistent. By comparing with cell diameter measurement (as shown previously in Figure 

5.5), 0.2 µM 2,4-D:5 µM BAP showed small cell size increase by way of cell diameter but 

produced high expression of MdEXP3 on day 4 of treatment. 0.05 µM 2,4-D:0.5 µM BAP 

produced a larger cell size enlargement relative to day 0 cell size, but MdEXP3 on day 4 

showed only a 2-fold increase relative to day 0, which was not the highest among the other 

concentrations. 0.1 µM 2,4-D:3 µM BAP yielded a large size increase on day 4 compared to 

cell size on day 0, but MdEXP3 expression showed only 2.5-fold increase compared to day 0 

expression. 0.5 µM 2,4-D:7 µM BAP produced a small cell size increase on day 4 versus day 

0, whereas MdEXP3 saw a 2.5-fold enhancement compared to day 0 expression. 

Overall, it was observed that MdCDKB2:2 expression was generally upregulated until 

day 2 of treatment and downregulated until the end of treatment. This indicates that cell 

division lessens at the end of treatment, as is likely to occur in nature. Nonetheless, in the 

work here, MdCDKB2:2 expression steadily dropped throughout the 4 day incubation period. 

The induction of cell expansion in cell cultures replicated the cell expansion stage of fruit 

growth. Therefore, 2,4-D combined with BAP promotes significant cell expansion in apple 

cell cultures. 
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Figure 5.7. Gene expression at 1 day intervals of MdCDKB2:2 and MdEXP3 relative to 

MdGAPDH of every hormonal treatment with 2,4-D:BAP combinations using 6-well plate. 

Error bars = SEM; n=3 (technical replicates).  
 

5.2.2 Induction of cell expansion using 2,4-D:GA3 

In addition to 2,4-D:BAP concentration combinations in cell expansion induction, the 

hormone combination of 2,4-D:GA3 was also tested. The goal of this experiment was to 

improve the induction of cell expansion using different hormone combinations. Like CKs and 

auxins, GAs are involved in the cell expansion stage of fruit development (McAtee et al., 

2013).  
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5.2.2.1 96-well plate: cell expansion induction using 2,4-D:GA3 

A wide range of different concentrations of 2,4-D:GA3 were used to induce cell expansion on 

96-well plate. Figure 5.8 shows microscopy images of cells treated with different 

concentrations of the hormone combination 2,4-D (auxin) and GA3 (gibberellin). Similar to 

before, concentrations were determined based on the published literature on cell expansion 

tests in tracheid element differentiation studies of Pinus pinea young seedling cell cultures 

(Kalev & Aloni, 1998). This report demonstrated that maximum tracheid expansion was 

achieved in media containing 0.1% (w/w) NAA:1% (w/w) GA3, but decreased significantly at 

higher hormone concentrations. Similar to the previous cell expansion induction, 2,4-D was 

used as the auxin source instead of NAA in order to maintain the viability of cell cultures. 

This is because 2,4-D was used as auxin source to establish the previous cell cultures. In 

addition, poor growth has been observed in cells cultured with NAA. The cell expansion 

induction test was conducted using a similar hormone concentration range except with GA3 

replacing BAP. 

On day 4 of incubation, cells from selected wells (as shown previously in Figure 2.1) 

were observed under microscope and pictures were taken. Based on the images of the cells, 

several concentration combinations that showed potential for cell expansion were re-selected. 

Concentration combinations of 0.05 µM 2,4-D:0.5 µM GA3, 0.1 µM 2,4-D:3 µM GA3, and  

0.2 µM 2,4-D:5 µM GA3 showed cell expansion when compared to control cells that were 

treated without hormones. However, similar to the previous study on 2,4-D:BAP (on 96-well 

plate test as well), the results were limited as gene expression analysis could not be 

performed because of limited samples required for adequate RNA and poor aeration (as 

discussed already).     
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Figure 5.8. Cell microscopy of several hormone concentration combinations of 2,4-D:GA3 tested using a 96-well plate on day 4 of treatment. 

Scale bars = 200 µm. 
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5.2.2.2 24-well plate: cell expansion induction using 2,4-D: GA3 

This test was conducted using similar methods to what was described for the 24-well plate 

evaluation of 2,4-D:BAP. On day 4 of treatment, cell microscopy images of each 

concentration were captured (Figure 5.10) and the longest cell diameters of 10 expanded cells 

(for each concentration) were measured. Concentrations which produced the most expanded 

cells were assessed relative to control cells (treated with no hormones, labelled A1). Figure 

5.9 shows the average cell diameter of cells treated with different hormone concentrations of 

2,4-D: GA3 on day 4 of treatment. The concentration combinations were B2 (0.05 µM 2,4-

D:0.5 µM GA3), C4 (0.1 µM 2,4-D:3 µM GA3), and D6 (0.5 µM 2,4-D:7 µM GA3). B2 

concentration produced a cell size increase equivalent to 2.7-fold relative to control cells with 

an average cell size of 110 µm. The same cell size increase (110 µm) was also observed for 

C4 concentration relative to control cells. D6 (0.5 µM 2,4-D:7 µM GA3) expanded by 2.5-

fold (100 µm) relative to the control cells.    

Table 5.2. Concentrations of 2,4-D:GA3 description. 

ID Description ID Description 

A1 Control       C1 0.1 µM 2,4-D:0 µM GA3 

A2 0 µM 2,4-D:0.5 µM GA3    C2 0.1 µM 2,4-D:0.5 µM GA3 

A3 0 µM 2,4-D:1 µM GA3       C3 0.1 µM 2,4-D:1 µM GA3 

A4 0 µM 2,4-D:3 µM GA3       C4 0.1 µM 2,4-D:3 µM GA3 

A5 0 µM 2,4-D:5 µM GA3 C5 0.1 µM 2,4-D:5 µM GA3 

A6 0 µM 2,4-D:7 µM GA3 C6 0.1 µM 2,4-D:7 µM GA3 

B1 0.05 µM 2,4-D:0 µM GA3 D1 0.5 µM 2,4-D:0 µM GA3 

B2 0.05 µM 2,4-D:0.5 µM GA3 D2 0.5 µM 2,4-D:0.5 µM GA3 

B3 0.05 µM 2,4-D:3 µM GA3 D3 0.5 µM 2,4-D:1 µM GA3 

B4 0.05 µM 2,4-D:3 µM GA3 D4 0.5 µM 2,4-D:3 µM GA3 

B5 0.05 µM 2,4-D:5 µM GA3 D5 0.5 µM 2,4-D:5 µM GA3 

B6 0.05 µM 2,4-D:7 µM GA3 D6 0.5 µM 2,4-D:7 µM GA3 
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Figure 5.9. Average cell diameter of each hormone concentration combination of 2,4-D:GA3 

tested on a 24-well plate on day 4 of treatment. Star symbols signify hormone concentration 

combinations that were selected for subsequent testing and they were significantly different 

relative to control (A1), t-test, p-value ≤ 0.05. Error bars = SEM; n=10. Each sample was 

labeled with letters and numbers as stated in Table 5.2. 
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Figure 5.10. Cell microscopy for each hormone concentration combination tested on a 24-well plate. The images were taken on day 4 of 

treatment. Concentration descriptions are as stated in Table 5.2. Scale bars = 200 µm. 
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The cell diameter measurements of each hormone concentration combination were 

accompanied with gene expression analysis using two markers, MdCDKB2:2 and MdEXP3. 

Only concentrations which gave promising cell expansion (from cell diameter measurement) 

were selected to undergo gene expression analysis. Figure 5.11 shows relative expression of 

MdCDKB2:2 and MdEXP3 on day 4 of treatment relative to control cells (labelled as A1). 

During cell diameter analysis, B2, C4, and D6 produced the most expanded cells. High 

expression of MdEXP3 in B2 and C4 concentrations supported the cell diameter results. 

Meanwhile, D6 produced a significance difference between MdCDKB2:2 and MdEXP3 with 

2.6-fold and 7.9-fold, respectively. With B2 concentration, MdCDKB2:2 expression had a 

1.8-fold change while MdEXP3 had a 5.3-fold change, with both expression relative to 

control cells (A1) on day 4 of treatment. Meanwhile, the C4 concentration produced 2.3-fold 

MdEXP3  expression compared to 1.28-fold of MdCDKB2:2 relative to control cells (A1). 

Generally, the graph showed high expression of MdCDKB2:2 when MdEXP3 was also high 

as was observed in D2 concentration which indicates auxin role in facilitating cell division. 

The other concentrations were not further tested due to inconsistency between the analyses. 

At the end of this test, B2, C4, and D6 concentrations were selected for further test on 6-well 

plate. This selection was based on the consistency of these concentrations between the 

analyses. 

 

Figure 5.11. Gene expression of MdCDKB2:2 and MdEXP3 relative to MdGAPDH for 

selected hormone concentration combinations on day 4 of treatment. Error bars = SEM; n=3 

(technical replicates). Star symbols denote promising concentration combinations for cell 

expansion induction and were significantly different between the two markers, t-test, p-value 

≤0.05. 
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From this, the three hormone concentrations combinations that produced the largest 

cell diameters and high MdEXP3 expression were selected to be tested using the 6-well plate.  

5.2.2.3 6-well plate: cell expansion induction using 2,4-D:GA3 

 Of the 24 combinations of 2,4-D:GA3 from the previous test, the three concentration 

combinations that resulted in the greatest enlargement in cell diameter were selected for 

further testing using a larger culture volume. Figure 5.12 shows the average diameter on day 

0 and day 4 of cells treated with 2,4-D:GA3. Cells treated with 0.05 µM 2,4-D:0.5 µM GA3 

produced the largest cell size increase, a 2.5-fold increase with respect to day 0 cells. The cell 

size increase with 0.5 µM 2,4-D:7 µM GA3 was 1.8-fold on day 4 relative to day 0 cells. 

Cells treated with 0.1 µM 2,4-D:3 µM GA3 yielded only 1.1-fold cell size increase on day 4 

of treatment versus day 0 cell size. No significant cell size change was observed in control 

cells that were not treated with hormones; cell size on day 0 was similar to cells on day 4 of 

treatment, suggesting that no other factors influenced the cell expansion other than the 

hormones added. Therefore, treatment with 2,4-D:GA3 had induced cell expansion. Figure 

5.13 shows microscopy images of the cells used for average diameter measurement. 

 

Figure 5.12. Average diameter of cells treated with different hormone concentration 

combinations of 2,4-D:GA3 on day 0 and day 4 using a 6-well plate. Star symbol signifies the 

concentration combination that yielded the largest expansion and consistent with gene 

expression. Error bars = SEM; n=10. Except the control group, the relative expression of 

other hormone combinations were significantly different between day 0 and day 4; t-test, p-

value ≤0.05. All concentrations stated are in µM. 
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Figure 5.13. Microscopy of cells treated with different hormone concentration combinations of 2,4-D:GA3 using a 6-well plate. The images 

were taken on day 0 and day 4 of treatment. Scale bars = 200 µm. 
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5.2.2.4  Gene expression analysis of 2,4-D:GA3 treatment 

To confirm cell diameter measurements, gene expression of the treated cells was analysed. 

Gene expression was carried out at 1 day intervals throughout the treatment. However, based 

on the limited supply of samples (for the technical issues), gene expression on day 1 of 

treatment could not be performed. The concentration of 0.05 µM 2,4-D:0.5 µM GA3 

produced a 6.5-fold increase in MdEXP3 expression on day 4 relative to expression on day 0 

(Figure 5.14). Concurrently, 0.5 µM 2,4-D:7 µM GA3 produced a 7-fold expression increase 

on day 4 of treatment relative to day 0 expression. 0.1 µM 2,4-D:3 µM GA3 produced no 

significant increase in expression on day 4 relative to day 0. Control cells (no hormone 

added) produced a 2-fold increase relative to day 0 expression. Although there was a slight 

increase of this expression, it was not a significant when compared with the hormone-treated 

cell gene expression. 

Low expression of MdCDKB2:2 throughout all 4 days of incubation, implying that 

cell division was successfully minimized in the cell culture during the cell expansion 

induction process. Although 0.1 µM 2,4-D:3 µM GA3 produced a high peak of this gene’s 

expression on day 3 of treatment, the expression soon declined on day 4 of treatment.  
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Figure 5.14. Gene expression analysis MdCDKB2:2 and MdEXP3 relative to MdGAPDH 

during cell expansion induction using hormone concentration combinations of 2,4-D:GA3 at 1 

day intervals using a 6-well plate. Error bars = SEM; n=3 (technical replicates). 

 

5.2.3  Induction of cell expansion using 2,4-D:GA3:BAP 

The previous experiments in this study demonstrated that treatment of cells with 2,4-D:BAP 

and 2,4-D:GA3 resulted in significant cell expansion. As these hormones interact with each 

other and cooperatively regulate cell division and cell expansion during fruit development 

(McAtee et al., 2013), an experiment to increase expansion by treating cell cultures with 

these three hormones simultaneously was performed. 

 5.2.3.1 6-well plate: cell expansion induction using 2,4-D:GA3:BAP 

Figure 5.15 shows the average diameter of cells treated with each hormone concentration 

combination on day 4 and day 0 of treatment. Average cell diameter was obtained from by 

measuring the 10 most expanded cells. On day 4 of treatment, cells treated with 0.5 µM 2,4-

D:7 µM GA3:7 µM BAP were 1.7-fold the size of cells sampled on day 0. Meanwhile, cells 

treated with 0.05 µM 2,4-D:7 µM GA3:7 µM BAP expanded 2.2-fold relative to day 0. Cell 

treated with 0.05 µM 2,4-D:0.5 µM GA3:0.5 µM BAP were enlarged by 1.6-fold compared to 
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day 0 cell size. Similar cell size increase was also observed in cells treated with 0.1 µM 2,4-

D:3 µM GA3:3 µM BAP. On day 4 of treatment, cells treated with 0.2 µM 2,4-D:5 µM GA3:5 

µM BAP produced a 2.2-fold cell size increase versus day 0 cell size. Figure 5.16 shows 

microscopy images of the cells on day 0 and cell expansion on day 4 of treatment. 

 

Figure 5.15. Average diameter of cells treated with different hormone concentration 

combinations of 2,4-D:GA3:BAP on day 0 and day 4 using a 6-well plate. Star symbol 

denotes the concentration combination that yielded the largest expansion consistent with gene 

expression. Error bars = SEM; n=10. Except the control, the relative expression of every 

hormone concentration combination was significantly different between day 0 and day 4, t-

test, p-value ≤0.05. All concentrations stated are in µM. 
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Figure 5.16. Microscopy of cells treated with different hormone concentration combinations of 2,4-D:GA3:BAP using a 6-well plate. The 

images were taken on day 4 of treatment. Scale bars = 200 µm. 
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5.2.3.2 Gene expression analysis in 2,4-D:GA3:BAP treatment 

For each hormone concentration combination, treated cells were collected at 1 day intervals 

to undergo gene expression. Figure 5.17 shows expression of MdEXP3 and MdCDKB2:2 in 

cells treated with different hormone concentration combinations. The most consistent results 

were observed in the cells treated with 0.2 µM 2,4-D:5 µM GA3:5 µM BAP. This treatment 

demonstrated the highest level of MdEXP3 expression among the other hormone 

concentrations tested - a 3-fold increase compared to day 0 expression and low MdCDKB2:2 

expression on day 4, a 2-fold increase relative to day 0 expression. Average diameter of cells 

treated with this concentration also showed the greatest increase among the other 

concentrations tested, a 2.2-fold increase on day 4 of treatment relative to day 0. 

The remaining hormone concentrations, which were 0.5 µM 2,4-D:7 µM GA3:7 µM 

BAP, produced 2-fold increase of MdEXP3 expression versus day 0 expression. MdCDKB2:2 

expression showed no increase on day 4 relative to day 0 of treatment. Average cell diameter 

was only 1.7-fold cell size increased in terms of cell size, not the highest among the rest of 

hormone concentration combinations. 

0.05 µM 2,4-D:7 µM GA3:7 µM BAP produced a 2-fold jump in MdEXP3 expression 

and 1.8-fold increase in MdCDKB2:2 expression relative to day 0. Average cell diameter 

showed a 1.7-fold cell size increase relative to day 0 cell size, indicating that this 

concentration did not induce maximum cell expansion in the cell culture. Likewise, 0.05 µM 

2,4-D:0.5 µM GA3:0.5 µM BAP produced a similar increase in MdEXP3 and MdCDKB2:2 

expression on day 4 relative to day 0 expression (2.5-fold). Average cell diameter of cells 

treated with this concentration showed 2.2-fold and 1.6-fold cell size increase relative to day 

0 cell sizes, respectively. 0.1 µM 2,4-D:3 µM GA3:3 µM BAP yielded a 2.5-fold increase of 

MdEXP3, but MdCDKB2:2 expression was also very high, experiencing a 6-fold increase. 

Average diameter showed just a 1.6-fold cell size increase on day 4 of treatment versus day 0. 

Therefore, these concentration combinations seemed to produce inconsistent results between 

the two analyses.  
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Figure 5.17. Gene expression analysis of MdCDKB2:2 and MdEXP3 relative to MdGAPDH 

during cell expansion induction using a 6-well plate for hormone concentration combinations 

of 2,4-D:GA3:BAP at 1 day intervals. Error bars = SEM; n=3 (technical replicates). 

 

The control cells (no hormone treatment) had expressed MdEXP3 at the lowest levels 

within this phase of study until day 4 of treatment, which supports the requirement of 

hormones to induce cell expansion in cell cultures. Low expression of MdCDKB2:2 in these 

cells also indicated that cell division activity did not occur without the presence of hormones. 

Average cell diameter showed the lowest cell size increase in these cells, as well (1.1-fold 

relative to day 0). This observation supports the earlier observations in this chapter, being it 

was difficult to completely stop cell division activity throughout treatment.  
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5.2.4 Induction of ripening using 2,4-D:ACC 

To mimic the fruit growth stages of actual fruit in the appropriate sequence, cells that 

underwent expansion treatment were used for ripening induction treatment. To avoid 

treatment bias, all incubation conditions and methods of experiments were performed 

similarly to the cell expansion induction experiment described previously (Chapter 2, Section 

2.8.4), except that cells were incubated for only 24 hours. 

5.2.4.1  6-well plate: ripening induction using 2,4-D:ACC 

Several hormone concentration combinations of 2,4-D:ACC were tested on expanded cells 

(cells that underwent cell expansion induction). Figure 5.18 shows average cell diameter 

measured for every hormone concentration combinations using the standard 10 selected cells 

per hormone concentration combinations. Cell size showed a slight increase compared to the 

cell size of the expanded cells, similar to the occurance in actual fruit where cell expansion 

continuously to slightly occur until end of ripening (Devoghalaere et al., 2012). The hormone 

concentration combinations that produced the highest ACO1 expression (0.5 µM 2,4-D:7 µM 

ACC) showed a 1.4-fold cell size enlargement after ripening induction. Figure 5.19 shows the 

cell microscopy images taken after 24 hours of incubation. During cell expansion, this 

hormone concentration combination produced a 2.1-fold cell size increase relative to the cells 

before incubation (day 0).  

With a concentration combination of 1 µM 2,4-D:1 µM ACC, it was found that cell size 

decreased by 0.6-fold at ripening (100 µm) compared to the cell expansion treatment which 

produced 150 µm cell size on average (best hormone combination for cell expansion). With 

that being said, this hormone concentration combination produced a 2.1-fold cell size 

increase during cell expansion induction treatment, and was the best hormone combination 

for cell expansion (1 µM 2,4-D:1 µM BAP). In the controls, cells remained at a similar size 

after ripening induction (56 µm) compared to cells after cell expansion induction (55 µm). 

Cell sizes of the control samples also remained at a similar size on day 0 and during the 24 

hour cell expansion treatment. 
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Figure 5.18. Cell diameter measurement of cells treated with different hormone 

concentration combinations of 2,4-D:ACC after 24 hours of treatment. Error bars = SEM; 

n=10. Star symbol signifies the concentration combination yielded the most consistent results 

between the analyses. All concentrations stated are in µM. 

 

Control 

 

0.2 µM 2,4-D:5 µM ACC 

 

1 µM 2,4-D:1 µM ACC 

 

0.05 µM 2,4-D:0.5 µM ACC 

 

0.1 µM 2,4-D:3 µM ACC 

 

0.5 µM 2,4-D:7 µM ACC 

 
Figure 5.19. Microscopy of cells treated with different hormone concentration combinations 

of 2,4-D:ACC using a 6-well plate. The images were taken at 24 hours of treatment. Scale 

bars = 200 µm. 
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5.2.4.2 Gene expression analysis in 2,4-D:ACC treatment 

From the selection of the best expanded cells of the 2,4-D:BAP induction, cells were treated 

with 2,4-D:ACC for 24 hours to induce ripening. Figure 5.20 shows expression of 

MdCDKB2:2 and MdACO1 in cells treated with different hormone concentration 

combinations. The most consistent results were observed in cells treated with 0.5 µM 2,4-D:7 

µM ACC (marked by a star symbol). This group showed the highest level of MdACO1 

expression among the other hormone concentration combinations - a 1.4-fold increase 

compared to day 0 expression along with low MdCDKB2:2 expression, being only a 0.7-fold 

increase relative to day 0. This observation is consistent with the average cell diameter, 

insinuating that cell expansion was sustained. 

The remaining hormone concentration combinations, which were 1 µM 2,4-D:1 µM 

ACC and 0.05 µM 2,4-D:0.5 µM ACC, produced 0.6-fold increases in both MdCDKB2:2 and 

MdACO1 expression relative to day 0, which was not higher than MdCDKB2:2. Meanwhile, 

0.2 µM 2,4-D:5 µM ACC and 0.1 µM 2,4-D:3 µM ACC are both produced more than 

MdCDKB2:2 than MdACO1 with 24 hour of treatment compared to expression before 

treatment (day 0). MdCDKB2:2 in the 0.2 µM 2,4-D:5 µM ACC treatment was 1.3-fold 

higher while the MdACO1 expression was as low as only 0.4-fold. As for 0.1 µM 2,4-D:3 µM 

ACC, MdCDKB2:2 was expressed at 1.0-fold while MdACO1 was expressed at only 0.3-fold. 

Moreover, in control cells (no hormone added), MdCDKB2:2 was expressed higher than 

MdACO1, 0.5-fold versus the 0.1-fold of MdACO1. These observations indicate the cells did 

not undergo ripening a manner faithful to the actual ripening stage of real fruit development.  
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Figure 5.20. Gene expression of MdCDKB2:2 and MdACO1 in treated cells with 2,4-D:ACC 

after 24 hours of treatment relative to MdGADPH as well as cells before treatment (cells after 

cell expansion induction). Error bars = SEM; n=3 (technical replicates). Star symbol denotes 

the concentration combination that yielded the most consistent results with cell size 

measurement. The relative expression of the selected hormone concentration combination 

was significantly different between the two markers, t-test, p-value ≤0.05. All concentrations 

stated are in µM. 
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5.3 Discussion 

This chapter described the mimicry of fruit development by cell cultures using a suitable 

hormonal treatment. Cell suspension cultures of ‘Braeburn’apple and pear (Pyrus comunis) 

have been extensively used in the past to study physiological changes in a number of 

different fruit related traits, like growth and response to stress (Codron et al., 1979; Barker et 

al., 1998; Wang et al., 2001; Konan et al., 2010), but little molecular work has been 

undertaken. ‘Royal Gala’ is one of the most studied apple cultivars with many literature 

resources available, including functional gene studies (Schaffer et al., 2007; Atkinson et al., 

2012; Ireland et al., 2013; Schaffer et al., 2013). In this research, in vivo fruit development is 

mimicked by establishing rapidly dividing ‘Royal Gala’ cell cultures which were 

subsequently used to induce cell expansion and ripening through application of hormones 

exogenously, with constant gene expression monitoring during these processes. These results 

show fidelity to actual fruit cell expansion and ripening with the cell cultures used here. 

Within the context of the body of work on this topic, this is the first report to document in 

vitro cell differentiation of ‘Royal Gala’ cortex cell cultures.  

As discussed earlier, the roles of auxin, CK, and GAs in fruit growth have been 

investigated before (Mariotti et al., 2011; McAtee et al., 2013). Auxin and CK are primarily 

involved in cell division and cell expansion during fruit development (Swarup et al., 2002). 

Since each stage of fruit development is successive to the next, it is hard to separate fruit set 

from the subsequent stages of fruit growth (i.e. cell expansion and ripening). This suggests 

that auxin and CK are also involved in both cell division and cell expansion (Swarup et al., 

2002). However, understanding the roles plant hormones play in the transition between cell 

division and cell expansion are scarce (McAtee et al., 2013). Reports on these hormones 

functioning in promoting fruit set also imply a role in maintaining the subsequent stages. For 

example, the function of GA3 in cell expansion is supported by observation of larger cells 

existing in GA3-induced fruit (parthenocarpic) than in seeded fruit, even though the overall 

size of GA3-induced fruit was smaller than that of seeded fruit (de Jong et al., 2009a).  

Cell expansion was reported to be successfully induced in cell cultures of other plant 

species, such as in Zinnia elegans mesophyll cells which subsequently were induced to 

differentiate into tracheid elements (Church, 1993; Twumasi et al., 2009). Despite this, cell 
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differentiation of apple cortex cell cultures has not been described in the literature. As a 

result, the optimum hormone concentrations required to induce cell expansion were 

unknown.   

In the present study, cell expansion and ripening were assessed using two approaches; 

cell morphology and gene expression. Cell morphology was assessed by measuring the cell 

diameter of expanded cells and gene expression analysis was used to confirm cell division 

and cell expansion activity in cell cultures. ImageJ software was used for cell diameter 

measurement. With the knowledge that whole cell expansion and ripening induction required 

large numbers of samples and repetitions, this method was more convenient to determine cell 

size in cell cultures compared to measuring the intracellular volume of expanded cells 

(Lorences & Fry, 1991). The focus was on the early phases of apple fruit growth, which are 

cell division and cell expansion, so two markers that are specifically expressed during these 

stages were used. The apple cell cycle gene, MdCDKB2:2, was utilised as a cell division 

marker to confirm cell division activity in the cultured cells. As this marker has been verified 

as robust marker for cell division in actual fruit (as was described in Chapter 3), therefore, it 

was postulate that this marker was the most suitable to assess cell expansion and ripening 

induction in cell cultures. Likewise, the apple expansin gene, MdEXP3 was used as cell 

expansion marker as it was seen to be highly expressed during the cell expansion stage of 

fruit development (as was demonstrated in Chapter 3).  

Meanwhile, MdACO1 was used as marker to assess ripening in cell culture. Ethylene 

synthesis is catalysed by the ACO enzyme, encoded by multigene families and its expression 

is dependent on the tissue type, growth stage, and biotic and abiotic signals present (Lin et al., 

2009). In this research, cell cultures were established from the cortex of the fruit, a location 

where ethylene is highly synthesised during the ripening stage of fruit growth. In fruits, the 

ACO1 gene has been well documented as a marker for ripening in apple, tomato, strawberry, 

grape, and kiwifruit (Trainotti et al., 2005; Atkinson et al., 2011; Chagné et al., 2014; 

Böttcher et al., 2013). High expression of the ACO1 gene correlates with ethylene is being 

produced in the particular plant organ or cells (Kim et al., 2001; Kolarič et al., 2011). Other 

methods to measure ethylene, such as gas chromatography by using chamber vials or syringes 

to collect the released hormone (Kim et al., 2001), were not suitable for this study based on 

the small test volumes used during treatment. Moreover, this marker has been reported 
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reliable to be used in cell cultures to measure ethylene synthesis such as in a system like 

Zinnia elegans cell cultures (Pesquet & Tuominen, 2011). Therefore, this marker is suitable 

to confirm ripening in ‘Royal Gala’ cell cultures.  

In keeping with the lack of previous reports on cell differentiation in apple cortex cell 

cultures, the selected hormones and the period of incubation were based on widely respected 

tracheid element differentiation studies (Church, 1993; Kalev & Aloni, 1998; Twumasi et al., 

2009; Pesquet & Tuominen, 2011). These investigations induced cell cultures to undergo cell 

division and cell expansion before differentiation into tracheid element elements. The cells 

reportedly become significantly elongated after five days of culture with 2,4-D, whereas 

treatment with NAA and IAA resulted in complete tracheid element differentiation in 3 days 

(Church & Galston, 1988; Schuetz et al., 2012). In the present study, cells expanded 

significantly after 4 days of culture with treatment of hormone combinations of 2,4-D:BAP, 

2,4-D:GA3, and 2,4-D:BAP:GA3. This result was confirmed by a gradual increase of 

MdEXP3 expression throughout the treatment period. Meanwhile, ethylene synthesis in cell 

culture was reported to increase between 24 to 48 hours of treatment, with a peak observed at 

36 hours of treatment (Pesquet & Tuominen, 2011). Here, marker of ethylene synthesis was 

measured within 48 hours of treatment and was observed to increase to its highest 

concentrations after 24 hours of treatment.  

In Chapter 4, it was demonstrated that auxin-CK-dependent cell cultures low 

expression of MdACO1, evidenced by both growth curves. During cell expansion and 

ripening induction, no hormone was added to control cells. The role of auxin in supporting 

cell division in cell cultures was observed during auxin deprivation of tobacco BY-2 cultured 

cells which caused cell division to arrest and restores after re-addition of auxin to arrested 

cells (Perrot-Rechenmann, 2010). Previous work has shown that cell growth is dependent on 

hormones, without which growth will cease. In Rose cell culture, no cell growth was 

observed when NAA (an auxin) was omitted from the culture medium (Wallner & Nevins, 

1979). Likewise, in tobacco suspension cells established with 2,4-D, cell division stopped 

when the cells were cultured in medium without the presence of 2,4-D (van der Zaal et al., 

1991). In the work presented herein, it was observed that cells of control samples produced 

low cell division activity throughout the treatment period. Moreover, an absence of ethylene 
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production was also observed in hormone-free controls during ethylene induction similar to 

that was reported in Zinnia elegans cell cultures (Pesquet & Tuominen, 2011).  

On the tree, cell expansion in apples begins as cell division gradually decreases and 

stops (Janssen et al., 2008). Therefore, to mimic this process in cell culture, cell division must 

stop or progressively decline as the cells in culture are induced to expand. Although it was 

postulated that cell division stops prior to cell expansion, division was only found to be 

partially inhibited during the induction of cell expansion, as indicated by high expression of 

CDKB2:2. This may have resulted from auxin that was carried over from the maintenance 

culture medium to the treatment medium. However, in previous studies, cell division could 

not be stopped successfully even in single cell cultures of Zinnia elegans (Church & Galston, 

1988; Demura, 2014). Apple cell cultures consist of small to large cell aggregates (Wang et 

al., 2001), making it more difficult to completely remove any culture media. Although cell 

division may not have completely stopped, CDKB2:2 expression suggested that the process 

gradually decreased throughout the 4 day incubation period. Despite of this observation, the 

induction of cell expansion in cell cultures produced significant increment of cell size and 

high expression of MdEXP3. These results indicate that application of 2,4-D with 

combination of BAP promotes significant cell expansion in apple cell cultures. 

Apart from 2,4-D:BAP combination, reports have been published on induction of cell 

expansion using NAA:GA3 combination. Results from this study were similar to those 

reported for Pinus pinea L. cell cultures (except that 2,4-D was used as auxin source), which 

achieved maximum tracheid expansion in media containing 0.1% (w/w) NAA:1% (w/w) 

GA3, with significantly less tracheid expansion at higher hormone concentrations (Kalev & 

Aloni, 1998). In tracheid element differentiation of Pinus pinea L. cell cultures, GA3 

promotion of cell expansion requires the presence of auxin (Kalev & Aloni, 1998). However, 

application of auxin alone results in short tracheid growth (Kalev & Aloni, 1998; Aloni, 

2013; Aloni, 2014).  Likewise, in Pinus pinea cell cultures, application of high concentrations 

of GA3 concomitant with low concentrations of IAA yielded long tracheids with thin walls 

(Aloni, 1979). In Zinnia elegans cell cultures, application of a GA3 biosynthesis inhibitor was 

reported to reduce tracheid element differentiation and lignification (Tokunaga et al., 2006). 
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In whole plant systems, GA’s role in controlling the growth of plant organs is well 

understood, typically promoting elongation in growth (Gillaspy et al., 1993; Hedden & 

Kamiya, 1997; Asahina et al., 2002; Olszewski et al., 2002; Serrani et al., 2007; de Jong et 

al., 2009a; Hedden & Thomas, 2012; McAtee et al., 2013). GA has also been reported to 

induce cell expansion by increasing auxin biosynthesis (Law & Hamilton, 1984; Saibo et al., 

2003) and acts to maintain cell expansion when auxin levels decrease (Hayashi & Tanabe, 

1991; Gillaspy et al., 1993; Ozga & Renecke, 2003; Zhang, 2007; Zhang et al., 2005, 2007). 

In Arabidopsis, the application of GA with auxin was reported to increase hypocotyl 

elongation compared to the application of either GA or auxin alone (Saibo et al., 2003). In 

fruit, when applied early in the cell expansion stage, GA supports cell division and helps 

maintain cell expansion in Japanese pears (Pyrus pyrifolia Nakai) (Zhang et al., 2007). This 

results in larger fruits than those grown without additional hormones (Hayashi & Tanabe, 

1991; Zhang et al., 2005; Zhang et al., 2007). The cooperative action of GAs with auxin has 

also been observed in tomato fruits where both GA3 and NAA are involved in regulating cell 

division and cell expansion (Srivastava & Handa, 2005). These reports were found correlated 

with those occurred in cell cultures, implying possibility to mimic cell expansion of actual 

fruits in cell cultures.   

Results from the present study were similar to those reported in tracheid element 

differentiation studies, that treatment with high concentrations of GA3, in conjunction with 

low concentration of 2,4-D (auxin), induces expansion of cells in cell culture. This 

presumably mimicked hormonal action in promoting cell expansion in a whole plant system. 

Results with the 2,4-D:BAP concentration combinations also indicated that BAP promotes 

significant cell expansion in an apple cell culture system. When the 2,4-D:GA3:BAP 

hormones were tested simultaneously, cell expansion was induced at a similar rate to 

previous treatment.  

Once the cell expansion was induced, further hormone treatment was carried out to 

induce ripening of the expanded cells by treating these cells with hormone combinations of 

2,4-D:ACC in order to induce ethylene production. The role and action of ethylene in 

governing the ripening process in climacteric fruits has been well dissected and reviewed 

(McAtee et al., 2013). Previous research on apple has shown that ACO1 is highly expressed 

after 24 hours of ethylene treatment (Kolarič et al., 2011). As a climacteric fleshy fruit model, 
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it was documented in tomato fruits that ethylene production failed to increase with 

application of ethylene alone. The role of other hormones related to ripening scenario has 

been reviewed with no definitive conclusions as of yet (McAtee et al., 2013). Apart from 

ethylene, auxin is also required at the onset of ripening to promote ethylene biosynthesis 

(Schaffer et al., 2013). Ripening is also to be accelerated in plum fruits (Prunus salicina L.) 

after exogenous auxin treatment (El-Sharkawy et al., 2014). Furthermore, an increase of 

expression in the auxin-signalling gene, Aux/IAA, during ripening of the fruits suggests auxin 

plays a part in the fruit ripening process (Jones et al., 2002; Trainotti et al., 2007). 

Similar to those observed in actual fruits, results from the present study demonstrated 

that high concentrations of ACC concomitant with 2,4-D, was found to induce MdACO1 

expression. Besides promoting ethylene synthesis, the presence of auxin was also needed to 

maintain viability of cells throughout the treatment period, where cell size showed a slight 

expansion compared to the cell size after cell expansion induction. The hormone combination 

that produced the highest ACO1 expression (0.5 µM 2,4-D:7 µM ACC) showed a cell size 

increase of 1.4-fold after ripening induction. Other than the ACC precursor, the application of 

auxin was also reported to stimulate ethylene production in ‘Golden Delicious’ apple cell 

culture (Lieberman et al., 1979). Present study showed that low expression of CDKB2:2 in 

the cells which suggested cell division activity was suppressed. During cell expansion, this 

dosage yielded a cell size increase of 2.1-fold relative to cells before incubation (Day 0). This 

hormone combination was demonstrated the capacity to induce ethylene conversion of the 

ACC precursor as well as maintain cell expansion as it is likely to occur in actual fruit 

development. 

In this chapter, several hormone combinations were demonstrated to induce 

significant expansion and ripening of cultured cells. The three tested concentration 

combinations that produced the greatest degree of expansion were 1 µM 2,4-D:1 µM BAP, 

0.05 µM 2,4-D:0.5 µM GA3, and 0.2 µM 2,4-D:5 µM GA3:5 µM BAP. Hormone 

combinations of 0.5 µM 2,4-D:7 µM ACC were found to induce MdACO1 expression in cell 

cultures while maintaining expansion. These results provide evidence for the idea that cell 

cultures are responsive to hormonal treatment and through manipulation, resemblance to 

natural fruit development was seen. Therefore, a ‘Royal Gala’ cortex cell culture may be 

considered suitable system for use to study fruit development. Although these combinations 
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produced a reproducible and significant expansion and ripening of cultured cells, the whole 

plant system continues to be very complex for the purposes of mimicry and the interactions 

among hormones are also rather complicated. Therefore, additional screening with a larger 

number of hormone combinations is warranted to refine the findings. 
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Chapter 6: CDK phylogenetic analysis and transient assays of 

35S:DR5:GFP  

 

6.1 Introduction 

The recent complete sequencing of the apple genome (Velasco et al., 2010) has added breadth 

and depth to the analysis of apple gene expression (Eccher et al., 2014). Gene expression 

analysis provides a rapid and reliable tool to dissect fruit development through the application 

of characterising specific molecular markers as well as whole transcriptome analysis. This 

enables researchers to pinpoint specific genes and identify the hormones that regulate these 

genes. Also, with the sequencing of the apple genome, various qualitative trait loci (QTL) 

that are associated with fruit growth have been identified (Potts et al., 2013), potentially 

filling in many of the gaps that have existed in apple research. However, studying orchard 

trees requires much time consuming work, with high labour and experimental costs. By using 

cell cultures, gene expression analysis can reveal the relevant signals and hormones quickly, 

as well as making way for the possibility of transforming a construct of a desired candidate 

gene into the cell culture system.  

Apple growth is dominated by cell division and cell expansion (Dash & Malladi, 

2012), which in turn is regulated by plant hormones discussed throughout this thesis, 

including auxins, GAs, and CKs. Markers that have been used throughout this study include 

MdCDKB2:2, which is a cell division gene that functions in cell cycle progression at the 

G2/M checkpoint (Lee et al., 2003; Kitsios & Doonan, 2011). During this transition, auxin 

and CK regulate the process. This has been underscored by the finding of auxin and CK-

responsive elements in cyclin, CDK, and CDK inhibitor promoters (Wolters & Jürgens, 

2009). There is also recent data describing the function of CDKB2 genes in Arabidopsis 

(Harashima et al., 2013), and it reported that the apple homologue, MdCDKB2:2, has a 

similar function in apple growth as in Arabidopsis (Malladi & Hirst, 2010). However, studies 

on this gene in apple fruit have not fully described. Therefore, this chapter will describe the 

relationship within CDK families of Arabidopsis (dry fruit model), apple, and tomato (fleshy 

fruit model).  
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Furthermore, as was demonstrated in Chapter 4, a rapidly dividing ‘Royal Gala’ cell 

culture was established. By using this cell culture, various hormone signalling pathways, 

particularly featuring auxins, could be further studied by introducing an auxin gene promoter 

to drive a reporter into the cell culture. In this chapter, a synthetic auxin response factor 

construct (ARF), DR5:GFP, was isolated and its function was assessed using transient assays 

in tobacco leaves.  

 

6.2 Results 

6.2.1 Phylogenetic analysis of CDK genes 

A phylogenetic tree of CDK genes from Arabidopsis, tomato, and apple was generated to 

study the relationship between these genes in different species (Figure 6.1). All accession 

numbers were obtained from several previous reports (Vandepoele et al., 2002; Huang et al., 

2008; Malladi & Johnson, 2011; Xu et al., 2011b; Czerednik et al., 2012). As mentioned 

earlier, CDK genes have been divided into 7 classes, CDKA to CDKF, based on their roles at 

different stages of the cell cycle (Kitsios & Doonan, 2011). In the present work, CDKB2:2 

was selected as a marker for cell division in apple fruit and cell culture. A-type CDK and B-

type CDK form the core of the cell cycle genes, and their expression is controlled strictly by 

the cell cycle (Endo et al., 2012). There are two types of CDKBs, namely CDKB1 and 

CDKB2, which are plant specific. CDKB1 is expressed during late S to M phase while 

CDKB2 is expressed specifically during G2 to M phase (Iwakawa et al., 2006; Endo et al., 

2012). Apple, like Arabidopsis and tobacco, possess two types of CDKB1s (CDKB1:1 and 

CDKB1:2), and two sets of CDKB2s (CDKB2:1 and CDKB2:2) which are homeologous to 

each other (Malladi & Johnson, 2011; Endo et al., 2012). However, some plants, such as rice 

and tomato, possess only CDKB1:1 and CDKB2:1 genes (Joubès et al., 1999; Czerednik et 

al., 2012; Endo et al., 2012). Accession numbers of each gene are shown in Table 6.1. 
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Table 6.1. Gene name and gene number of Cyclin Dependent Kinases of three different 

species. 

Gene name Gene number Source 

Arath; CDKA:1 AT3G48750.1 Vandepoele et al., 2002 

Arath;CDKB1:1 AT3G54180.1 Vandepoele et al. 2002 

Arath;CDKB1:2 AT2G38620.2 Vandepoele et al. 2002 

Arath;CDKB2:1 AT1G76540.1 Vandepoele et al. 2002 

Arath;CDKB2:2 AT1G20930.1 Vandepoele et al. 2002 

Arath;CDKC:1 AT5G10270.1 Vandepoele et al. 2002 

Arath;CDKC:2 AT5G64960.1 Vandepoele et al. 2002 

Arath;CDKD:1 AT1G73690.1 Vandepoele et al. 2002 

Arath;CDKD:2 AT1G66750.1 Vandepoele et al. 2002 

Arath;CDKD:3 AT1G18040.1 Vandepoele et al. 2002 

Arath;CDKE:1 AT5G63610.1 Vandepoele et al. 2002 

Arath;CDKF:1 AT4G28980.2 Vandepoele et al. 2002 

MdCDKA1 MDP0000185491 Malladi & Johnson, 2011 

MdCDKB1:1 MDP0000223519 Malladi & Johnson, 2011 

MdCDKB1:2 MDP0000240040 Malladi & Johnson, 2011 

MdCDKB2:1 MDP0000418062 Malladi & Johnson, 2011 

MdCDKB2:2 MDP0000722904 Malladi & Johnson, 2011 

MdCDKC1 MDP0000243737 Malladi & Johnson, 2011 

MdCDKC2 MDP0000253325 Malladi & Johnson, 2011 

MdCDKD1 MDP0000128357 Malladi & Johnson, 2011 

MdCDKE1 MDP0000206441 Malladi & Johnson, 2011 

MdCDKE2 MDP0000235270 Malladi & Johnson, 2011 

MdCDKF1:1 MDP0000303768 Malladi & Johnson, 2011 

MdCDKG2 MDP0000263387 Malladi & Johnson, 2011 

MdCDKA1 MDP0000185491 Malladi & Johnson, 2011 

MdCDKB1:1 MDP0000223519 Malladi & Johnson, 2011 

MdCDKB1:2 MDP0000240040 Malladi & Johnson, 2011 

MdCDKB2:1 MDP0000418062 Malladi & Johnson, 2011 

MdCDKB2:2 MDP0000722904 Malladi & Johnson, 2011 

MdCDKC1 MDP0000243737 Malladi & Johnson, 2011 

SlCDKB1:1 Solyc10g074720.1.1 Czerednik et al., 2012 

SlCDKB2:1 Solyc04g082840.2.1 Czerednik et al., 2012 

SlCDKA1 Solyc08g066330.1.1 Xu et al., 2011b 

SlCDKA2 Solyc12g095860.1.1 Huang et al., 2008 
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Figure 6.1. Phylogenetic tree of the cyclin dependent kinases (CDKs) showing the 

relationship between protein sequences of three plant species. The CDKs from apple (blue), 

Arabidopsis (black), and tomato (red) were aligned using MUSCLE and the phylogenetic tree 

was built using neighbour joining and 500 bootstraps. Md: Malus x domestica, Arath: 

Arabidopsis, Sl: Solanum lycopersicum    

 

Clade 1 is the ancestral clade of the CDKB2. MdCDKB2:1 and MdCDKB2:2, and 

Arath;CDKB2:1 and Arath;CDKB2:2, cluster together, suggesting they are descended from a 

common ancestor. SlCDKB2:1, on the other hand, is more of an outgroup, descended from 
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Clade 1. This implies that all MdCDKB2:1 and MdCDKB2:2, and Arath;CDKB2:1 and 

Arath;CDKB2:2 are related. These results also suggest that these genes have a similar 

function in apple and Arabidopsis (Dash & Malladi, 2012). Microarray data of CDKB2:2 

expression has shown a distinct peak of expression during early phases in fruit development 

in apple when compared to CDKB2:1 (Janssen et al., 2008).  

Clade 2 is the ancestral clade of the CDKB1. In the CDKB2 group, MdCDKB1:1 and 

MdCDKB1:2, and Arath;CDKB1:1 and Arath;CDKB1:2 are pairs possibly descended from a 

common ancestor of Clade 2. SlCDKB1:1 is an outgroup, although descended from the same 

Clade 2. Both Clade 1 and Clade 2 are produced from a deep common ancestor, indicating 

that these two clades are subclasses of each other (Kitsios & Doonan, 2011). They may also 

share a similar function in mitotically dividing cells and regulate the cell cycle at different 

checkpoint. In Arabidopsis, the CDKB1 transcript is strongly expressed during the S, G2, and 

M phases while the CDKB2 transcript is abundant at the G2 and M phases (Inzé & Veylder, 

2006). However, both CDKB1 and CDKB2 are highly expressed during early stages of 

development, up to 15 days after anthesis (DAA) and gradually decrease afterwards 

(Crezdenik et al., 2012). The important role played by these genes in cell cycle progression 

was demonstrated in mutants of CDKB in Arabidopsis, where the meristem was defective 

(Anderson et al., 2008; Crezdenik et al., 2012).  

 Clade 3 is the ancestral clade of CDKA. Apple and Arabidopsis possess only one 

CDKA while tomato has two. Arath;CDKA:1, and MdCDKA1 share a common branch, 

while SlCDKA1 and SlCDKA2 cluster together. Both CDKA and CDKB are the most 

prominent members of the CDK families, with CDKA the most abundant in plants and other 

organisms, making it the largest group of CDKs. Antagonistic to CDKB genes, tomato 

CDKA1 genes are highly expressed at later stages of development (Crezdenik et al., 2012). 

The CDKA gene is also crucial in the cell cycle as it is involved in two major checkpoints - 

G2/M and G1/S transitions - being the only CDK that controls the G1/S transit (Iwakawa et 

al., 2006). It has been noted that CDKA protein levels remains constant throughout 

development (Joubès et al., 1999). In tomato fruit, CDKA expression is highly upregulated 

towards the end of development, while CDKB gradually decreases (Crezdenik et al., 2012). 

Overexpression of dominant negative CDKA in Arabidopsis and tobacco produced smaller 

plants because of the reduction in the cell division rate (Inzé & Veylder, 2006).     
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Clade 4 and Clade 5 include CDKE and CDKF, respectively. When the protein 

sequences were aligned using MUSCLE, Clade 4 forms two branches that contain 

Arath;CDKE:1 and MdCDKE1, while MdCDKE2 is on another branch. CDKE functions in 

leaf cell expansion (Inzé & Veylder, 2006). Activation of CDKF involves CDK-activating 

kinases (CAK), which induce phosphorylation of CDK to allow for substrate recognition 

(Inzé & Veylder, 2006). Arath;CDKF:1, also known as CAK1At, is among four types of 

CAKs in Arabidopsis where the other three are of the CDKD variety (which are 

Arath;CDKD:1 (known as CAK2At), Arath;CDKD:2 (known as CAK3At), and 

Arath;CDKD:3 (known as CAK4At)) (Shimotohno et al., 2003; Hajheidari et al., 2012). 

Downregulation of CDKF results in a decrease of CDK activity as well as defects in root 

meristem cell differentiation indicates this gene’s role in cell cycle (Umeda et al., 2000).  

 Clade 6 shows the relatedness between CDKD groups. Arabidopsis possess 3 

CDKDs, while apple has only one. MdCDKD1 was demonstrated to be an outgroup of 

Arath;CDKD:1. Nevertheless, they cluster together suggesting similar function during cell 

cycle progression. Research has shown that overexpression of CDKD1 results in accelerating 

cell division and growth of suspension cells (Fabian-Marwedel et al., 2002).  

 Clade 7 and 8 include CDKC of Arabidopsis and apple. Arath;CDKC:1 and 

Arath;CDKC:2 are closely clustered while MdCDKC2 is an outgroup. MdCDKC1 and 

MdCDKG2 cluster together. CDKC functions in rice by regulating the cell cycle throughout 

development and is highly expressed at mature stages of growth, as well as during salt and 

ABA-modulated stress (Huang et al., 2008). In Arabidopsis, loss of CDKC function results in 

defects in leaf and flower growth, as well as delayed flowering (Cui et al., 2007). 

Arath;CDKG:2 functions in organogenesis, with mutations producing abnormalities such as 

dwarfing and small bud-like flowers (Żabicki et al., 2013). Recently, Arath;CDKG:1 was 

reported to facilitate chromosome pairing during meiosis in male gametes as defects in this 

gene results in impaired synapsis (Zheng et al., 2014). Although the function of MdCDKC1 

and MdCDKG2 in apple has not been investigated, these genes may share similar function 

with Arabidopsis as they have a common ancestor and similarities.     
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6.2.2 Isolation of 35S:DR5:GFP construct and transient assays into tobacco 

The purpose of this work was to further investigate the action of auxin in cell culture by 

cloning and testing an auxin-sensitive promoter. The DR5 promoter was to be used as a 

positive control, as it has a well-known response to auxin (Blilou et al., 2005). Research 

using this approach has been employed to study hormone action in plant organs, such as 

during Arabidopsis root growth when regulated by auxin (Blilou et al., 2005). DR5 is a 

synthetic auxin responsive promoter (containing response elements such as TGTCTC) which 

has been used to visualise the accumulation of auxin in plants.  

6.2.2.1  35S:DR5:GFP isolation 

The plasmid pM001-containing the construct of DR5:GFP was extracted from E. coli and 

digested (double digest) with restriction enzyme HindIII to check the insert. This construct 

was obtained from previous an unpublished work of Plant Molecular Biology group, 

University of Auckland. Figure 6.2 shows the digestion products. There were two plasmid 

preparations from two single colonies of E. coli - T1 and T2. Two bands were produced from 

each sample. The top band was the plasmid (vector) with a size of 10 kb, and the lower band 

was the insert, with a size of 1200 bp. T1 was then electroporated into A. tumefaciens 

GV3101.  

 

Figure 6.2. Plasmid digestion with HindIII. 

 

1 kb  T1   T2 

1000 bp 
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6.2.2.2 Agrobacterium-mediated transformation and infiltration into tobacco leaves 

The plasmid containing the construct of the 35S:DR5:GFP reporter gene was transformed 

into A. tumafaciens (GV3101) by the electroporation method. To check the function of the 

gene, an initial screen was carried out using the infiltration method into tobacco leaves. The 

bacteria was prepared and infiltrated into the back of a 4 week old tobacco leaf and then left 

for at least two days. Controls with empty Agrobacterium were also prepared and infiltrated 

into the other side of the same leaves. The leaves were next cut into small pieces at the 

infiltrated area and examined on a Leica DMR500 microscope using a GFP filter (Leica 

Microsystems, Germany). The images were then photographed.  

 Two auxin concentrations (1µM and 10µM) were utilised to observe hormone 

response to the gene promoter according to previous efforts (Mouchel et al., 2006). Figure 6.3 

shows that leaves treated with 1 µM of IAA (Figure 6.3B) produced higher fluorescence 

activity on both of the replicates compared to the leaves fed with 10 µM IAA (Figure 6.3E). 

No fluorescence was detected in controls treated with IAA (1µM and 10 µM) and empty A. 

tumefaciens GV3101 (Figure 6.3A and 6.3D). Another control was infiltrated using A. 

tumefaciens GV3101 harbouring DR5:GFP only (without auxin treatment) (Figure 6.3C and 

6.3F). Fluorescence was observed in this control.  

  



Chapter 6: CDK phylogenetic analysis and transient assays of 35S:DR5:GFP 

179 

 

Figure 6.3. DR5 activity observed under UV field using GFP lense. (A) Control using empty 

A. tumefaciens GV3101 and 1 µM IAA. (B) DR5:GFP and 1 µM IAA. (C) Control using 

DR5:GFP. (D) Control using empty A. tumefaciens GV3101 and 10 µM IAA. (E) DR5:GFP 

and 10 µM IAA. (F) Control using DR5:GFP. Scale bar used for each image is 200 µm. 
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6.3 Discussion 

Phylogenetic analysis is useful to under the relatedness and similarities between gene groups 

from different plant species. With this knowledge, research can be carried out with more 

precise methods and hypotheses, especially in research involving target genes which are yet 

fully documented. Here, MdCDKB2:2 was a focus because of the results of the present gene 

expression studies (Chapter 3 & 5). A phylogenetic tree was generated to compare protein 

sequences from the CDK family of apple, Arabidopsis, and tomato. Both Arabidopsis and 

tomato are well-known plant models, with tomato being a model for fleshy fruit. Their 

genomes, and many genes regulating plant development, have been examined quite 

thoroughly. Thus, relatedness and similarity of these plants to apples allows for a hypothesis 

of similar function. From the phylogenetic analysis, MdCDKB2:2 showed a high similarity 

and relatedness to Arath;CDKB2:2. Both genes share a common ancestor and this suggests 

they are related. This observation supports previous descriptions on MdCKDB2:2 expression 

in apple fruit (Malladi & Hirst, 2010).   

 As auxin is the key hormone for activating cell division, it may be possible to dissect 

the auxin pathway in apple cell culture by introducing these gene constructs into the cell 

culture. Auxin activity during cell division and cell expansion has been reported in many 

plant species using various types of promoters, particularly with respect to Arabidopsis root 

growth (Blilou et al., 2005; Mouchel et al., 2006; Grieneisen et al., 2007). Other plant 

systems studied include tobacco (van der Zaal et al., 1991), and Arabidopsis shoot meristem 

callus (Cheng et al., 2013). Aux/IAA is an auxin response factor (ARF) which contains 

TGTCTC Auxin responsive elements (AuxREs) (Tiwari et al., 2001) in its promoter. The 

expression of Aux/IAA was noted to increase with IAA concentration (Tsygankova et al., 

2005). However, because Aux/IAA protein is unstable and easily degraded, gene expression 

can be inhibited when IAA concentrations remains high (Tsygankova et al., 2005). Aux/IAA 

protein is more stable with lower concentrations of auxin. When IAA concentration increases, 

Aux/IAA protein is prone to degradation and thereby lowering the translation of ARF genes 

(Tiwari et al., 2001). This finding validates the observation that lower IAA concentrations (1 

µM), the synthetic auxin responsive reporter (referred to as DR5) activity increases, while 

higher IAA concentrations (10 µM) represses DR5 expression. Less fluorescence was 

observed in tobacco leaves treated with 10 µM IAA compared to 1 µM. 
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 In this chapter, MdCDKB2:2 was found to be closely related to AtCDKB2:2 of 

Arabidopsis. An auxin-sensitive promoter, DR5, was isolated and tested in young tobacco 

plants. Abundant fluorescence was observed in leaves transformed with DR5:GFP in 

conjunction with treatment by exogenous IAA at the optimum concentration of 1 µM. GFP 

fluorescence was observed without auxin treatment. Therefore, this promoter was not used 

for any further experiments. Despite the data for this promoter being inconclusive, the 

promoter is responsive to auxin, so future work with this tool could aid research in this area. 
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Chapter 7: Final discussion 

 

7.1  Fruit size control in apples 

The molecular mechanisms controlling fruit growth and fruit size in apples have yet to be 

fully understood (Malladi & Hirst, 2010). The recent publication of the genome sequence of 

apple provides a powerful tool to reveal the underlying mechanisms during fruit development 

(Velasco et al., 2010). In this study, final fruit size control was examined using gene 

expression analysis and a cell culture system set up to study fruit development in vitro. From 

data for two years of whole fruit analysis, fruit size in three apple cultivars correlated best 

with cell division, indicating that variation in cell number was the main cause of fruit size 

differences between the cultivars studied. Fruit size measurements across fruit development 

showed that ‘Twenty Ounce’ (large-sized cultivar) grew faster than Crab apple (small-sized 

cultivar) and ‘Royal Gala’ (medium-sized cultivar). These observations were correlated with 

greater cell number of ‘Twenty Ounce’ than Crab apple and ‘Royal Gala’, suggesting a 

positive correlation between fruit size and cell number. Final cell number in fruit is 

determined by cell production before bloom and/or the cell production during fruit 

development (Johnson et al., 2011). In the present study, similar cell numbers and 

hypanthium width before bloom were found in the three cultivars under study, inferring that 

final cell number and fruit size differences between the cultivars occurred during fruit 

development. Cell numbers in large-sized cultivars of blueberry (Vaccinium ashei) are higher 

than the small-sized cultivars before bloom, which means that cell production before bloom 

may influence the variation in final fruit size between cultivars (Johnson et al., 2011).  

Previous research on apple fruit size has found that an increase of fruit weight can be 

attributed to increased cell number rather than cell size (Bain & Robertson, 1951; Denne, 

1963; Harada et al., 2005; Dash et al., 2013). Although it was stated that cell expansion also 

contributed to the final fruit size, the magnitude was not determined as it was only a very 

small contribution. A similar relationship has also been seen with peach, tomato, olive, 

Japanese pear, melon, rabbiteye blueberry, and sweet cherry (Scorzal et al., 1991; Higashi et 

al., 1999; Rapoport et al., 2002; Bertin et al., 2003; Zhang et al., 2006; Olmstead et al., 2007; 
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Johnson et al., 2011; Rosati et al., 2011; 2012). Also, a decrease in expression of cell 

division-related genes when cropped at a high fruit load resulted in a decrease of fruit size, 

suggesting the role of cell division in determining fruit size (Dash et al., 2013). A comparison 

of cell size between normal-sized ‘Gala’ and the induced large-sized (mutant) ‘Grand Gala’ 

showed a considerable enhancement of cell size in the mutant (Malladi & Hirst, 2010). This 

may indicate that cell expansion does not solely influence fruit size unless it is triggered by 

endoreduplication and increase in ploidy because of G2 cell cycle arrest (Malladi & Hirst, 

2010). Cell size differences did not contribute to fruit size differences among kiwifruit 

(Actinidia deliciosa) cultivars (Nardozza et al., 2011). Therefore, cell division regulates final 

fruit size across many plant cultivars.  

Arabidopsis possesses over 80 groups of genes that regulate the cell cycle, consisting 

of cyclins, cyclin dependant kinases (CDKs), and CDK inhibitors (ICK/KRPs), CDK-

activating kinases, retinoblastoma-related genes, and E2F transcription factors (Inzé & De 

Veylder, 2006). The protein product of the CDKB2 gene regulates the cell cycle by 

promoting the cycle’s progression at the G2/M transition (Iwakawa et al., 2006). This gene 

has been well studied and reviewed in many plant cultivars and organs, and all evidence 

supports CDKB2 having a positive action in the cell cycle (Vandepoele et al., 2002; 

Srivastava & Handa, 2005; Baldet et al., 2006; Inzé & De Veylder, 2006; Anderson et al., 

2008; Huang et al., 2008; Czerednik et al., 2012; Endo et a., 2012; Chevalier et al., 2014; 

Okello et al., 2015). The FW2.2 gene is a QTL for cell cycle regulation which has been 

observed to cause 30% of fruit size differences between large, domesticated, and small-sized 

(wild) fruit cultivars (Nesbitt et al., 2001; Cong et al., 2002; Guo & Simmons, 2011; De 

Franceschi et al., 2013). In tomato-developing flowers, high expression of CDKB2:1 was 

observed during early stages of fruit growth, indicative of its action in promoting the cell 

cycle, while FW2.2 was poorly expressed at this point of growth (Baldet et al., 2006). CDK 

functioning in the cell cycle is given credence by the decrease in cell number in Arabidopsis 

in CDKA and CDKB loss-of-function mutants (Boudolf et al., 2004). Conversely, 

overexpression of B-type and D-type cyclins results in large cell numbers and an increased 

growth rate in Arabidopsis (Dewitte et al., 2003; Kono et al., 2007; Qi & John, 2007). In 

apple, CDK genes have not yet been widely studied. The apple homologue of CDK genes was 

identified from microarray studies (Janssen et al., 2008). CDKB2 action in apple fruits and 
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Arabidopsis was reported to positively correlate with ANT2 (Dash & Malladi, 2012). In this 

thesis, high expression of MdCDKB2:2 was observed in ‘Twenty Ounce’ during early fruit 

development compared to ‘Royal Gala’ and Crab apple. This result would suggest that cell 

division activity is greater and continues longer in ‘Twenty Ounce’ compared to ‘Royal Gala’ 

and Crab apple. This is also in agreement with the observed fast growth rate and larger 

hypanthium widths of ‘Twenty Ounce’ fruits at early timepoints compared with that of other 

cultivars. Therefore, it can be concluded that cell division exerts a positive effect on 

determining final fruit size in these cultivars.   

Another marker for cell division used in this research was Aintegumenta 2 

(MdANT2), a transcription factor with an APETALA2 (AP2)-like domain. This transcription 

factor is involved in regulating organ size in Arabidopsis by determining exit timing from the 

cell division stage (Kriezek, 1999; Mizukami & Fischer, 2000). MdANT1 and MdANT2 

showed 88% similarity to AtANT, meaning that these genes may share a similar function to 

the Arabidopsis homologue (Dash & Malladi, 2012). Further, this gene was reported to act as 

a coordinator of cell division and lateral organ growth (Mizukami & Fischer, 2000). 

Reduction in the size of leaves occurs in an ANT loss-of-function mutant, while 

overexpression of this gene caused an increase of leaf and floral organ size, and so this may 

mean the gene has a definitive role in coordinating cell cycle machinery (Kriezek, 1999; 

Mizukami & Fischer, 2000; Hu et al 2003).  

Studies of ANT functions in apple have not been carried out with any major effort 

(Dash & Malladi, 2012). In the present study, MdANT2 was used as a marker for cell division 

in addition to MdCDKB2:2. The purpose of using another marker for cell division is to 

support observations made on MdCDKB2:2 expression. Additionally, MdANT2 has been 

documented to have a connection with the expression of MdCDKB2:2 (Dash & Malladi, 

2012). As a cell division marker, MdANT2 was expected to be highly expressed at early 

timepoints and then be consistently downregulated as the cycle approached ripening. 

MdANT2 also showed higher and longer expression in bigger size apple ‘Golden Delicious 

Smoothee’ compared to normal size ‘Gala’ apples (Dash & Malladi, 2012). This shows the 

potential of MdANT2 as a marker for cell division. In the work presented here, MdANT2 was 

expressed with a similar pattern to MdCDKB2:2. This confirmed that higher cell division 
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activity occurred in ‘Twenty Ounce’ compared to ‘Royal Gala’ and Crab apples, which was 

later was found to be responsible for the large-fruited cultivar. 

 Endoreduplication is an alternative form of the progression of the cell cycle, where 

nuclear DNA is replicated without mitosis or cytokinesis, resulting in larger cells with higher-

ploidy/DNA content greater than 2C (C being the haploid DNA content) (Larkins et al., 2001; 

Kudo & Kimura, 2002). Cell expansion is often related to endoreduplication (Sugimoto-

Shirasu & Roberts, 2003). This is because, despite mitosis being halted, cells still need to 

synthesise cytoplasm and other organelles to maintain the ratio of the number of 

chromosomes, resulting in a larger cell compared to cells that do not undergo 

endoreduplication (Nafati et al., 2011; Sugimoto-Shirasu & Roberts, 2003). As mitosis is 

halted at G2 phase, CDKB is degraded. This was underpinned by a decrease in the expression 

of CDKB during endoreduplication in Arabidopsis leaves (Schnittger et al., 2002; Hu et al., 

2003; Verkest et al., 2005; Endo et al., 2012). In the present study, an elevated expression of 

MdCDKB2:2 during the cell division stage was evidence that mitosis is occurring and G2 is 

not arrested. The fruit size differences between the cultivars studied here appear to not have 

been influenced by endoreduplication that would elicit endopolyploidy.  

Plants such as Arabidopsis, tomato, rice, melon, and pepper undergo endopolyploidy 

which contributes to the larger fruit size (Cheniclet et al., 2005; Yoshizumi et al., 2006; 

Ishida et al., 2010; Nafati et al., 2011; Endo et al., 2012). Endopolyploidy occurs in plants 

with faster fruit development compared with plants that develop fruit over greater 

timecourses (Bourdon et al., 2010; Nafati et al., 2011). This process is common in tomato 

fruits, which go through a very short cell division that stops after 14 DAA (Bertin et al., 

2003). In apple, cell division occurs for a longer period, until 35 DAFB (Janssen et al., 2008). 

For this reason, endoreduplication is more common in Arabidopsis and tomato than in apple 

(Joubès et al., 1999; Harada et al., 2005; Malladi & Hirst, 2010; Malladi & Johnson, 2011). 

Moreover, as was covered earlier, mitotic cell cycle in apples is usually exits at G0/G1, thus, 

is not undergoing endoreduplication (Malladi & Johnson, 2011). Furthermore, tomato fruits 

undergo at least eight endocycles during fruit development, which is the highest among fruit, 

making it a worthy model to study endoreduplication (Cheniclet et al., 2005). Although apple 

fruit mesocarp cells have shown just as much expansion as exists in tomato, no 

endoreduplication was found (Harada et al., 2005). This is maybe one reason for apples 
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contain less protein than tomato fruit (Wu et al., 1993; Harada et al., 2005). However, when 

induced, endoreduplication was reported to increase fruit size in ‘Grand Gala’ compared to 

control fruit ‘Gala’ which resulted in a decrease expression of MdCDKB2 (Malladi & Hirst, 

2010).  

Fruit size was reported to be associated with traits such as fruit weight and sugar or 

acid content that are controlled by several genes and occur during fruit development (Causse 

et al., 2004). These quantitative traits can be dissected into discrete QTLs through the 

application of molecular marker usage (Causse et al., 2004). In tomato, analysis of QTLs for 

fruit size indicated that most were related to cell division genes (Bertin et al., 2009). For 

example, one gene for fruit weight, FW2.2, was mapped to a QTL for fruit size and was 

found regulate fruit growth by negatively influencing cell division in the early stages of fruit 

development (Frary et al., 2000; Nesbitt & Tanksley, 2001; Cong et al., 2002; Cong & 

Tanksley, 2006; Baldet et al., 2006). In maize (Zea mays), low expression of FW2.2 (ortholog 

ZmCNR1) causes an increase in cell number and an increase in fruit size (Guo & Simmons, 

2011). Overexpression of ZmCNR1 culminated in smaller plant organs through reduction of 

cell number (De Franceschi et al., 2013). Similarly, FW2.2 expression between Prunus 

species suggests that this gene is responsible for the fruit size in these species (De Franceschi 

et al., 2013). Therefore, this gene was proposed as a negative regulator of cell number (Liu et 

al., 2003). However, to date, apple FW2.2 has not been looked at in terms of its expression 

and activity.  

In apple, a QTL for fruit size was associated with cell production and cell expansion 

during fruit development (Malladi & Johnson, 2011; Devoghalaere et al., 2012). MdARF106, 

which is highly expressed during both cell division and cell expansion, is located at a QTL 

for fruit weight (Devoghalaere et al., 2012). As a consequence of this association, MdARF106 

was used as one of the markers for cell expansion. By utilising the QTL information, 

molecular analysis of genes regulating cell division and cell expansion may lead to 

identification of other factors that determine fruit size. MdARF106 expression during both 

replicate seasons supported this gene’s function in both cell division and cell expansion. It 

produced two peaks of expression during the timecourse between 2 to 28 DAFB (cell division 

stage) and at 60 DAFB (cell expansion stage). A similar expression pattern was also observed 

in the second replicate, supporting MdARF106 function in fruits. 
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Expansin is a protein with a molecular mass of 26,000 that is associated with cell 

expansion (Cosgrove, 2000a). It is abundantly expressed in deep water rice during stem 

elongation (Cosgrove, 2000a). Expansin gene expression is also correlated with the plant 

hormone, GAs, known for its action during cell expansion induction (Cosgrove, 2000a). In 

fact, six α-expansin genes were found in tobacco BY-2 suspension cells walls, correlating 

with a high expression of expansin (Link & Cosgrove, 1998). The role of expansin in the cell 

expansion process is supported by four key findings; first, expansin induces cell wall 

relaxation in a pH-dependent manner (McQueen-Mason et al., 1992; Link & Cosgrove, 

1998). Second, when applied to living cells, expansin proteins bring about cell expansion 

(Link & Cosgrove, 1998). Third, expansin genes were expressed at the right time and in the 

right tissues to regulate growth (Link & Cosgrove, 1998). Finally, inhibition of growth was 

observed in plants with less expansin because of antisense knockdown (Cho & Cosgrove, 

2000; Cosgrove, 2000a).  

In apple, many expansins are correlated with cell expansion (Cosgrove, 2000a). 

MdEXP3 was found to be highly expressed in the apple cultivar ‘Sekaiichi’ (Harada et al., 

2005). EXP1, EXP2, and EXP3 were also described to be involved in this process in apple 

fruit (Wakasa et al., 2003; Goulao et al., 2008; Ireland et al., 2014). In this study, MdEXP3 

was used as a cell expansion marker. In tomato fruits, EXP3 was reported to present during 

both cell expansion and ripening stages, with highest expression being observed during cell 

expansion followed by a gradual decrease during ripening (Brummell et al., 1999). In tomato 

fruit, LeEXP1 was described as a ripening-specific gene, while LeEXP2 expression decreased 

during ripening, indicating the gene’s contribution to cell expansion (Brummell et al., 1999; 

Catalá et al., 2000). These various findings show the complexity and divergence of expansin 

roles during cell expansion and ripening.    

In this study, MdEXP3 was observed to be upregulated at the cell expansion stage and 

downregulated towards the end of ripening. From the histology data, in between bloom and 

ripening, ‘Twenty Ounce’ cell size increased 63-fold, ‘Royal Gala’ 46-fold, and Crab apple 

50-fold, indicating that cell expansion is a key facilitator of apple fruit development. 

However, gene expression analysis showed the lowest expression of MdEXP3 in ‘Twenty 

Ounce’ compared to Crab apple and ‘Royal Gala’ at all timepoints except ripening (120 

DAFB). In apple and many other plant species, fruit size is said to be influenced by both cell 
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division and cell expansion (Bain & Robertson, 1951; Harada et al., 2005; Zhang et al., 2006; 

Li et al., 2010; Malladi & Hirst, 2010). However, the degree of cell expansion contribution 

has not been determined (Harada et al., 2005; Malladi & Hirst, 2010). In the present study, 

fruit width of ‘Twenty Ounce’ was observed to increase faster during cell division stages, 

suggesting that the fruit size increase was not affected by cell expansion (Chapter 3, Figure 

3.1 & 3.4). Although it was found that ‘Twenty Ounce’ produced high expression levels of 

MdEXP3 at ripening, its cell size was similar to those of ‘Royal Gala’ and Crab apple. In 

contrast, a study of fruit size in five apple cultivars found that both markers for cell division 

(MdHis1 and cell expansion MdEXP3) had a large amount of expression in large-sized apple 

cultivars compared to small-sized cultivars (Harada et al., 2005). It was concluded that both 

cell division and cell expansion control fruit size among these cultivars (Harada et al., 2005). 

From the data in this thesis, it is difficult to include cell expansion as a factor controlling final 

fruit size. A similar cell size before bloom and at ripening in the three cultivars as well as a 

higher MdCDKB2:2 expression in ‘Twenty Ounce’ strongly indicated that the big size of 

‘Twenty Ounce’ was caused by cell number.  

Ethylene is a known hormone in fruit ripening. In this study, the apple gene, 

MdACO1, was used as marker for ripening. It was observed to be highly expressed at the 

ripening stage (120 DAFB) and was at its lowest expression at other timepoints, supporting 

this gene’s role in fruit ripening. Among the three cultivars studied, ‘Royal Gala’ produced 

high MdACO1 expression, suggesting ‘Royal Gala’ fruits ripen faster compared to ‘Twenty 

Ounce’ and Crab apple (which have a crispier fruit texture and tangy taste). The ethylene 

biosynthetic enzymes, ACS and ACO, are encoded by multigene families in various plant 

species. In climacteric fruit, the level of ACS and ACO transcript increases at the onset of 

ripening after treatment with ethylene (McAtee et al., 2013; Schaffer et al., 2013). However, 

these genes are not expressed in non-climacteric fruits (Yamane et al., 2007). Elevated 

expression of MdACO1 occurs at early timepoints (2 and 5 DAFB) suggesting that this gene 

is also involved in stress and abscission (Sawicki et al., 2015). This was evidenced by a high 

concentration of ethylene in shaded (light-stressed) plant organs, including reproductive 

organs (Zhu et al., 2010, 2011). In apple immature fruits, high expression of ACO genes were 

reported in fruits undergoing abscission, especially after chemically-induced thinning (Cin et 

al., 2005; 2009). This observation was also described in non-climacteric fruit, grapevines, and 
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during flower and fruit abscission (Hilt & Bessiss, 2003). Therefore, as well as facilitating 

ripening, ethylene biosynthetic pathways are also involved in fruit abscission.   

During ripening, cellular turgor pressure decreases, the cell wall is dissembled, and 

cell adhesion is reduced, resulting in fruit softening (Cosgrove, 2000b). In this study, MdPG1 

was employed as a ripening marker. On the apple genome, this gene is located within a QTL 

for fruit size (Tacken et al., 2012). High expression of this gene at ripening stage (120 

DAFB) and very low expression at the other timepoints suggests this gene is a robust marker 

for fruit ripening.  

 

7.2 Effects of hormones on callus induction and cell culture establishment 

Fruit cell cultures were produced to better model apple cell development. Callus grown on 

solid medium required 1.5 months to grow, while cell cultures required only two weeks to 

complete one subculture. Plant cell cultures have been used for germplasm conservation, 

micropropagation, somatic embryogenesis for plant regeneration, genetic transformation, 

protoplast fusion, and homozygous plant production (haploid production) (Matsuoka & 

Hinata, 1979; Yamazaki et al., 2009; Germanà, 2011; Anike et al., 2012; Soriano et a., 2012; 

Tsuchiya et al., 2013). A plant tissue culture medium consists of all micronutrients, 

macronutrients, vitamins, plant hormones, and other organic compounds required for normal 

growth and development of plants. Medium composition, especially plant hormones and the 

nitrogen source, has a sizeable impact on cell cultures (Hussain et al., 2012). Many basic 

media recipes with different compositions have been patented and established like, for 

example, Murashige and Skoog (MS) medium, or the ‘all plant medium’. These media 

variants have confirmed that optimal growth and morphogenesis of tissues from different 

species varies according to their nutritional requirements (Ohira et al., 1973). Additionally, it 

was detailed that the requirement for satisfactory growth varied from different types of plants, 

age of explants, and types of explants (Church, 1993). The use of different types of explants 

from specific tissues is selected based on the particular purpose of a given study. For 

example, leaves have been used in cell cultures as explants in somaclonal variation studies 

(McMeans et al., 1998; Piagnani et al., 2008), and stems and roots have been used as explants 

in culturing for whole plants (Bommineni et al., 2001). 
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Synthetic auxins, such as 2,4-D, NAA, or IBA, are commonly added to plant cell 

culture media to facilitate the cell multiplication process, while the only natural auxin that 

was put to use frequently in plant tissue culture is IAA. In the present study ‘Royal Gala’ 

callus induction and maintenance was found to be fostered by 2,4-D. It was also observed 

that ‘Royal Gala’ callus grown with NAA did not grow as well as those grown with 2,4-D. In 

general, both auxins are more stable compared with others, but it has also been seen that 2,4-

D produces higher activity than IAA and NAA in cell culture (Smolenskaya et al., 2007). 

This suggests that the two auxins affect cell culture growth in disparate ways. For example, 

tobacco and eggplant (Solanum melongena L.) (Matsuoka & Hinata, 1979) cell cultures grow 

well in media containing NAA and are inhibited by 2,4-D (Smolenskaya et al., 2007), while 

Medicago truncatula cell culture requires 2,4-D as its auxin source (Iantcheva et al. 2005). 

Finally, there are other basic mediums available to be considered for ‘Royal Gala’ fruit (for 

example, LS or Gamborg B5 medium; Gamborg et al., 1968) but the most effective variables 

in plant tissue culture medium are growth regulators, especially auxins and CKs. 

The pH of the medium and incubation temperature also play an important part in 

tissue culturing as they affect growth and plant hormone activity. In most of the cell cultures, 

media pH was adjusted to be in the range of 5.4-5.9. In the present study, ‘Royal Gala’ fruit 

cell cultures were cultured at pH 5.9, similar to that was reported on ‘Braeburn’ cell cultures 

(Bowen et al., 2002). Incubation temperature of apple cell culture requires 24 
o
C ± 1 as 

higher temperature damages the cells (Bowen et al., 2002). However, there are other plant 

species that are best grown at 27
 o
C ±1, such as date palm cell culture (Chabane et al., 2007).  

In plant tissue culture, readily accessible and established suspension cultures have 

been used as model systems in a broad range of plant investigations. Nicotiana tabacum cv. 

‘Bright Yellow’ (BY-2), is the most widely used cell line. It is easily maintained, regenerates, 

and grows quickly (Gouws, 2010). However, establishing a suspension culture can be 

difficult and time consuming to validate the best growth conditions (Gouws, 2010). 

Moreover, developing and optimising the methodology to establish the cell culture requires 

access to tissue culture facilities and a large effort is needed to optimise the growth 

conditions, sterile techniques in media preparation, callus development, and suspension 

cultures (Gouws, 2010). Here, ‘Royal Gala’ cell cultures were initiated from the cortex of the 

fruits. Cell cultures of apple ‘Royal Gala’ is not new, as there are many cell cultures from this 
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cultivar that have been established and documented. However, none were initiated from the 

cortex of the fruit, as most of them were initiated from leaves, stems, or shoots (Yao et al., 

1995; Ma et al., 1998; McMeans et al., 1998; Magyar-Tábori et al., 2011). 

 Optimum concentrations of hormones in the media are crucial in establishing the 

growth of cell cultures (Smolenskaya et al., 2007). Some cell cultures may be cultured using 

the same medium composition and hormone concentrations used for callus induction whereas 

some require alteration. In the present study, although the cell cultures produced robust 

growth on the same medium as used for the callus induction, the cells were in mixtures of 

large and small cell aggregates, as well as large and stiff cell clumps which were not suitable 

for the planned subsequent experiments (cell expansion induction). Usually, small aggregates 

are produced in these cultures via separation from large aggregates (Wallner & Nevins, 1973; 

Kolewe et al., 2012). Auxin concentration was reported to determine the size of cell 

aggregates; high NAA concentrations produce small cell clumps and low auxin 

concentrations result in a decrease or cessation of cell division (Wallner & Nevins, 1973). 

This may result from auxin-inducing cell wall modifications causing cells to separate into 

smaller clumps (Wallner & Nevins, 1973; Masuda, 1990; Catalá et al., 2000).  

Determination of the optimal aeration speed of the orbital incubator shaker was also 

imperative for establishing this cell cultures, as high speeds cause mechanical damage to the 

cells and very low speeds result in cell death (Scragg et al., 1988). Optimal speed 

requirements for cell culture incubation vary between 50-200 rpm (Scragg et al., 1988; 

Leckie et al., 1991; Wu & Zhong, 1999). Some plant species, for example, tobacco BY-2 

cells, require vigorous aeration by using 120 rpm shaker speed during the incubation while 

apple and pears require 100 rpm aeration speed during the incubation (Codron et al., 1979; 

Bowen et al., 2002). In the current work, it was found that 100 rpm speed caused damage to 

the cells as most of the cells tend to shear. The optimal speed used in this study for ‘Royal 

Gala’ fruit cell cultures was 80 rpm and this minimised the mechanical damage to the cells. 

7.3 Cell expansion induction in cell culture 

In whole fruit, auxin and CK are involved in both cell division and cell expansion during fruit 

development (Swarup et al., 2002) (Figure 7.1). Auxin is reported to maintain cell expansion 
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(Gillaspy et al., 1993; Pattison et al., 2014). Auxin can also cause parthenocarpic fruit by 

bypassing ovarian fertilisation in fruit (McAtee et al., 2013). Pathenocarpy can be induced in 

unpollinated ovaries through transformation of auxin biosynthetic enzymes to increase auxin 

sensitivity (Carmi et al., 2003; Pattison et al., 2014). Parthenocarpy can also be induced 

through application of exogenous auxin to ovaries (Serrani et al., 2008). These findings all 

indicate that internal plant growth can be mimicked through manipulation of hormones. In 

apple, CK regulates cell division during fruit development (McAtee et al., 2013), and it is 

also described to be a cell expansion trigger in Zinnia elegans cell cultures (Church, 1993).  

Results from the present study suggest that GA3, in conjunction with auxin (2,4-D), 

induces cell expansion of rapidly dividing cell cultures, consistent with their role in 

promoting cell expansion in whole fruit growth. This also demonstrates successful mimicry 

of in vivo cell expansion in cell cultures. These results were similar to those reported for 

Pinus pinea L. cell cultures, which reached maximum tracheid expansion in media containing 

0.1% (w/w) NAA:1% (w/w) GA3 and significantly less tracheid expansion at higher hormone 

concentrations (Kalev & Aloni, 1998). GA3 promotion of cell expansion was also noted to 

require the presence of auxin in low concentrations (Kalev & Aloni, 1998). However, 

application of auxin alone results in short tracheid growth (Kalev & Aloni, 1998; Aloni, 

2013; Aloni, 2014). Similar GA action has also been seen with other plant organs in which 

GA3 induces cell expansion by increasing auxin biosynthesis (Law & Hamilton, 1984) and 

maintains cell expansion when auxin concentrations decrease (Hayashi & Tanabe, 1991; 

Gillaspy et al., 1993; Ozga & Renecke, 2003; Zhang et al., 2005, 2007). Despite the lack of 

information on the action of GA3 in cell cultures, its role in controlling growth of plant 

organs is well documented in the literature (Gillaspy et al., 1993; Hedden & Kamiya, 1997; 

Asahina et al., 2002; Olszewski et al., 2002; Serrani et al., 2007; de Jong et al., 2009a; 

Hedden & Thomas, 2012; McAtee et al., 2013). When applied early at the onset of the cell 

expansion stage, GAs support cell division and help maintain cell expansion in Japanese 

pears (Pyrus pyrifolia cv. ‘Nakai’). This prolonged cell expansion results in larger fruit than 

those grown without additional hormones (Hayashi et al., 1991; Zhang et al., 2005; Zhang et 

al., 2007). The cooperative action of GAs with auxin has also been observed in tomato fruits, 

in which both NAA and GA3 are involved in regulating cell division and cell expansion 

(Srivastava & Handa, 2005).  
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The use of MdEXP3 in assessing cell expansion in cell cultures prepared here was 

supported by the finding of expansin in tobacco BY-2 suspension cells walls (Link & 

Cosgrove, 1998). In the current work, cell expansion induction in cell cultures was 

accomplished with 1 µM 2,4-D:1 µM BAP:0.05 µM 2,4-D:5 µM GA3, confirmed by a large 

cell diameter after treatment, decreased cell division using MdCDKB2:2 as a marker, and 

high expression of the cell expansion marker, MdEXP3. Since these hormones regulate cell 

division and cell expansion in concert in whole fruit, intensification of the expansion by 

treating cell cultures with these three hormones simultaneously was attempted. Cells treated 

with 0.2 µM 2,4-D:5 µM GA3:5 µM BAP produced significant cell expansion. This suggests 

that the three hormones cooperatively regulate cell expansion. Results from the present study 

also suggested that GA3/BAP/GA3+BAP, in conjunction with auxin (2,4-D), induces cell 

expansion of rapidly dividing cell cultures, compatible with their role in promoting cell 

expansion in whole fruit. This result also demonstrated a successful mimicry of in vivo cell 

expansion in cell cultures. 

   

7.4 Ripening induction in cell culture 

To mimic fruit growth stages like those in natural whole fruit, cells undergoing an expansion 

treatment were used in the ripening induction treatment. All incubation conditions were 

performed as in the cell expansion induction experiments, except that cells were incubated for 

only 24 hours.  

Previous research in apple has reported that ACO1 is highly expressed after ethylene 

treatment for up to 24 hours (Kolarič et al., 2011). As a climacteric fleshy fruit model, it was 

documented in tomato fruits that ethylene production failed to increase with application of 

ethylene alone (Trainotti et al., 2007). This demonstrates that the ripening process is also 

regulated by other hormones. Auxin is also required at the onset of ripening to promote 

ethylene biosynthesis at a low concentration (Schaffer et al., 2013). Likewise, ripening is also 

found to be accelerated in plum fruits (Prunus salicina L.) after exogenous auxin treatment 

(El-Sharkawy et al., 2014). Furthermore, an increase of expression of the auxin signalling 

gene, Aux/IAA, during ripening of the fruits showed that, apart from ethylene, auxin also 

played an independent part in fruit ripening process (Jones et al., 2002; Trainotti et al., 2007) 
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(Figure 7.1). In addition to auxin and ethylene, CK facilitates the ethylene pathway at the 

onset of ripening (Kim et al., 2001). ABA is also believed to comprise the ripening process. 

ABA concentrations are very low in unripe fruit but increase when fruit ripens (Setha, 2012). 

This happens in both climacteric fruits and non-climacteric fruits (Rhodes, 1980; Vendrell & 

Palomer, 1997; Zaharah et al., 2012). However, ABA was not tested for induction of 

ripening. Meanwhile, BR can facilitate ripening through an increase of ethylene production 

and lowering chlorophyll levels (Vidya & Rao, 2002; Zaharah et al., 2012; Chai et al., 2013). 

However, in mango (Mangifera indica L.), low concentrations of castasterone and 

brassinolide were found throughout the ripening period, and so BR is unlikely to modulate 

ripening (Zaharah et al., 2012). Similarly, no significant data supports a role for BR in apple 

fruit ripening (Han et al., 2011; Davies & Böttcher, 2014). In the present study, ethylene was 

induced in the cell culture with auxin and ACC precursor of ethylene. A more comprehensive 

screening could be carried out using the other hormone combinations. 

In the present study, expanded cells were treated with a very low concentration of 2,4-

D concomitant with a high concentration of ACC. Other than promoting ethylene synthesis, 

the presence of auxin was also needed to maintain viability of cells throughout the treatment 

period, as discussed earlier. In pear cell culture, the presence of 2,4-D prevents cell death 

(Balague et al., 1982). ACC is produced by the enzyme ACC synthase and is converted to 

ethylene by ACO (Rugkong et al., 2011). Hence, high expression of the ACO1 gene indicates 

a high concentration of ethylene produced in a particular plant organ or cells (Kim et al., 

2001; Kolarič et al., 2011; Schaffer et al., 2013; Sawicki et al., 2015). Therefore, ACO1 was 

used as an indicator to measure ethylene levels in the cell culture. Other methods to measure 

ethylene, such as volatile analysis by using chamber vials or a syringes to collect the released 

hormone (Kim et al., 2001), are not suitable in this study because of the small sample 

volumes used during the treatment.  

In order to mimic ripening in cell cultures, several hormone concentration 

combinations of 2,4-D:ACC were tested on expanded cells (cells that underwent cell 

expansion induction). Cell size showed a slight expansion compared to the cell size after cell 

expansion induction. This is similar to actual fruit (Figure 7.1). The hormone concentration 

combination that produced the highest MdACO1 expression (0.5 µM 2,4-D:7 µM ACC) 
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showed a cell size increase of 1.4-fold after ripening induction. These results indicated the 

mimicry of fruit cell expansion and ripening in the cell cultures. 

 

Figure 7.1. A schematic diagram of cell differentiation in vivo and in vitro.  

 

7.5 Future directions 

Regarding fruit size control, cell division appears key to fruit size differences among the 

apple cultivars studied. Although the MdCDKB2:2 gene has been characterised, it would be 

of interest to further research function of this gene during apple fruit development. One way 

to assess its function would be through the introduction of the gene on an auxin-specific 

promoter into developing fruits. Since MdCDKB2:2 was correlated with auxin action in 

promoting cell cycle promotion, the promoter should increase the cells’ sensitivity to auxin. 

The application of antisense or knock-out could provide a tool to study MdCDKB2:2 function 

in apple fruit. From this study, it was found that ‘Twenty Ounce’ had higher expression of 

MdCDKB2:2 compared to the other cultivars, suggesting it plays a major role in determining 
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the large size of the fruit. Through introduction of this gene by antisense, its function in 

influencing ‘Twenty Ounce’ final fruit size could be further examined, particularly in how it 

may affect cell number production.  

With this study, an established ‘Royal Gala’ fruit cell culture has been obtained. 

Several hormone concentrations were found to have successfully induced cell expansion and 

ripening in cell culture through the combination of auxins, CKs, GAs, and ACC substrate (to 

induce ethylene production). However, other hormones are also involved in actual fruit 

growth, such as BRs and ABA, which need further comprehensive screening. As well, the 

protocols could be improved to better induce cell differentiation in cell culture, apart from the 

use of specific markers that were studied in this thesis. Techniques like antisense technology, 

specific gene transformation, RNA-seq, or gas chromatography (as volatile analysis to 

measure ethylene for the ripening induction would be of value) could permit us to look 

deeper into the development of apple fruit. Moreover, induction of cell differentiation could 

be performed using a larger scale of test volume. 

 

7.6 Significance of this work/conclusions 

Studying final fruit size revealed that cell division activity was higher in ‘Twenty Ounce’ 

compared to ‘Royal Gala’ and Crab apple. This finding will contribute to the body of 

knowledge that focuses on improving fruit quality. Furthermore, ‘Royal Gala’ fruit cell 

culture has been established. It was found that ‘Royal Gala’ fruit cell culture required 

different growth conditions and hormone concentrations from the other established plant cell 

cultures. It has also been observed that fruit cells consist of more vulnerable cells compared 

to other plant organs such as leaves and stems, and are sensitive to shear. Based on the lack of 

data on cell differentiation induction in apple cell cultures, hormone screening was carried 

out to find the optimum concentrations for cell expansion induction. From these results, 

several hormone combinations which induced cell expansion and ripening were found. It is 

hopeful that this can aid in the study of apple, and fruit developmental research in general.    
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Appendices 

A.1. Repetition tests of cell expansion induction using 2,4-D:BAP 

Figure A.1. Average diameter of cells cultured with hormone pairs 2,4-D:BAP with 23 

concentration combinations and one control (no-hormone). Each sample was labeled with 

letters and numbers as stated in Table 5.1. Error bars represent SEM; n=10.  
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Figure A.2. Microscopy images of cells cultured with different hormone concentration combinations of 2,4-D:BAP using 24-well plate. 

Hormone combinations descriptions are as stated in Table 5.1. (Chapter 5). 
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Figure A.3. Cell diameter and gene expression on two repetitions of cells treated with 

different hormone concentration combinations of 2,4-D:BAP using 6-well plate.   
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Figure A.4. Repeat 1: Microscopy cell images of cells treated with different hormone 

concentration combinations of 2,4-D:BAP using a 6-well plate. 
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Figure A.5. Repeat 2: Microscopy cell images of cells treated with different hormone 

concentration combinations of 2,4-D:BAP using a 6-well plate. 
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A.2. Repetition tests of cell expansion induction using 2,4-D:GA3 

A.2.1 24-well plate using hormone combination of 2,4-D:GA3 

 

Figure A.6. Average diameter of cells cultured with hormone pairs 2,4-D:GA3 with 23 

concentration combinations and one control (no-hormone). Each sample was labeled with 

letters and numbers as stated in Table 5.2. Error bars = SEM; n=10.  
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Figure A.7. Microscopy images of cells cultured with different hormone concentration combinations 2,4-D:GA3 using a 24-well plate. Hormone 

concentration combinations descriptions are as stated in Table 5.2 (Chapter 5). Scale bars = 200 µm. 
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Figure A.8. Average cell diameter and gene expression in cells treated with different 

hormone concentration combinations of 2,4-D:BAP using a 6-well plate on two repeats. 
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Figure A.9. Repeat 1: Microscopy cell images of cells treated with different hormone 

concentration combinations of 2,4-D:GA3 using a 6-well plate. 
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Figure A.10. Repeat 2: Microscopy cell images of cells treated with different hormone 

concentration combinations of 2,4-D:GA3 using a 6-well plate. 



Appendices 

207 

 

A.3 Repetition tests of cell expansion using 2,4-D:GA3:BAP 

 

Figure A.11. Average cell diameter and gene expression in cells treated with different 

hormone concentration combinations of 2,4-D:GA3:BAP using a 6-well plate on two repeats. 
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Figure A.12. Repeat 1: Microscopy cell images of cells treated with different hormone 

concentration combinations of 2,4-D:GA3:BAP using a 6-well plate. 
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Figure A.13. Repeat 2: Microscopy cell images of cells treated with different hormone 

concentration combinations of 2,4-D:GA3:BAP using a 6-well plate. 
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A.4 RNA quantification during fruit size work 

Season 1 

Table A.1. RNA quantification of ‘Royal Gala’ flowers/fruits on Season 1. R1: Biological 

replicate 1, R2: Biological replicate 2. Numbers represent time point (DAFB). 

ID Concentration 

(ng/µl) 

260/280 260/230 ID Concentration 

(ng/µl) 

260/280 260/230 

0-R1 436 2.13 1.89 0-R2 138.4 2.05 2.01 

2-R1 982.2 2.23 1.99 2-R2 145.2 2.04 2.15 

5-R1 510 2.11 2.02 5-R2 140.2 2.05 2.06 

7-R1 1071 2.24 2.34 7-R2 139.6 2.03 2.16 

14-R1 947.7 2.24 2.34 14-R2 139 2.00 2.01 

28-R1 685.9 2.20 2.24 28-R2 140.1 2.04 2.07 

42-R1 425.9 2.13 1.99 42-R2 138.4 2.02 2.05 

60-R1 322.8 2.14 1.98 60-R2 135.9 2.06 2.03 

90-R1 112.6 2.06 1.60 90-R2 135 2.03 1.92 

120-R1 152.5 2.09 1.68 120-R2 142.9 2.00 1.84 

 

Season 2 

Table A.2. RNA quantification of ‘Twenty Ounce’ flowers/fruits on Season 2. R1: Biological 

replicate 1, R2: Biological replicate 2. Numbers represent time point (DAFB). 

ID Concentration 

(ng/µl) 

260/280 260/230 ID Concentration 

(ng/µl) 

260/280 260/230 

0-R1 2022.3 2.17 2.44 0-R2 2090.3 2.15 2.34 

1-R1 2106 2.16 2.40 1-R2 2649.9 2.13 2.35 

2-R1 2397.1 2.16 2.28 2-R2 2441.3 2.14 2.23 

3-R1 1907.7 2.17 2.41 3-R2 2199.9 2.15 2.25 

5-R1 2303.5 2.16 2.47 5-R2 2150.1 2.14 2.39 

7-R1 1881.6 2.17 2.39 7-R2 2533.5 2.13 2.37 

9-R1 1617.4 2.19 1.76 9-R2 2966.6 2.14 2.37 

14-R1 2233.1 2.17 2.10 14-R2 3076.8 2.06 2.21 

40-R1 3574.6 2.02 2.12 40-R2 2414.3 2.11 2.11 

45-R1 1232.1 2.10 2.24 45-R2 947.9 2.10 2.22 

60-R1 845.9 2.13 2.19 60-R2 903.6 2.11 2.20 

120-R1 391.8 2.08 2.09 120-R2 646.6 2.13 2.05 
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Table A.3. RNA quantification of ‘Royal Gala’ flowers/fruits on Season 2. R1: Biological 

replicate 1, R2: Biological replicate 2. Numbers represent time point (DAFB). N/A: 

Inadequate amount of samples. 

ID Concentration 

(ng/µl) 

260/280 260/230 ID Concentration 

(ng/µl) 

260/280 260/230 

0-R1 844.5 2.20 1.79 0-R2 1615.1 2.17 2.30 

1-R1 338 2.14 2.36 1-R2 827.5 2.17 1.80 

2-R1 586.9 1.97 2.07 2-R2 909.8 2.17 2.39 

3-R1 865.1 2.21 1.99 3-R2 358.7 2.15 2.32 

5-R1 513.2 2.11 2.31 5-R2 1107.6 2.19 2.47 

7-R1 1872.4 2.17 2.39 7-R2 1980.5 2.17 2.28 

9-R1 N/A N/A N/A 9-R2 1354.7 2.19 2.19 

14-R1 1764.8 2.18 2.32 14-R2 1847.5 2.17 1.91 

40-R1 954.3 2.11 2.19 40-R2 1089.5 2.14 2.22 

45-R1 736.2 2.13 2.19 45-R2 1079.3 2.12 2.14 

60-R1 312.4 2.10 1.93 60-R2 923.2 2.10 2.04 

120-R1 210.9 2.12 2.30 120-R2 126.9 2.13 1.84 

 

Table A.4. RNA quantification of Crab apple flowers/fruits on Season 2. R1: Biological 

replicate 1, R2: Biological replicate 2. Numbers represent time point (DAFB). 

ID Concentration 

(ng/µl) 

260/280 260/230 ID Concentration 

(ng/µl) 

260/280 260/230 

0-R1 1166.7 2.14 2.35 0-R2 938.1 2.23 1.85 

1-R1 801.7 2.13 2.34 1-R2 1968.8 2.22 2.34 

2-R1 854.4 2.16 2.26 2-R2 879 2.25 2.02 

3-R1 667.9 2.18 2.25 3-R2 1054.7 2.24 2.26 

5-R1 1358.1 2.17 2.27 5-R2 1570.7 2.22 2.30 

7-R1 976.5 2.14 2.31 7-R2 1877.4 2.22 2.40 

9-R1 1788.3 2.15 2.43 9-R2 1297.7 2.23 2.34 

14-R1 2152.4 2.15 2.42 14-R2 1192.5 2.23 2.27 

40-R1 518.9 2.14 2.16 40-R2 1636.8 2.13 2.21 

45-R1 212.8 2.11 1.93 45-R2 231.2 2.11 2.25 

60-R1 736 2.12 2.12 60-R2 578.4 2.11 2.26 

120-R1 322.7 2.10 1.74 120-R2 486.3 2.18 1.76 
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A.5 RNA quantification during cell expansion induction 

A.5.1. 2,4-D:BAP 

A: 24-well plate 

Table A.5. RNA quantification of cells treated with 2,4-D:BAP using a 24-well plate on day 

4 of incubation. Letters and numbers represent hormone combinations as described in Table 

5.1. 

ID Concentration 

(ng/µl) 

260/280 260/230 ID Concentration 

(ng/µl) 

260/280 260/230 

A1 209 2.05 2.12 C1 106.6 2.04 1.75 

A2 132.9 2.05 1.99 C2 122 2.00 1.92 

A3 141.4 2.04 1.98 C3 117.1 2.05 1.92 

A4 186.6 2.08 2.08 C4 113.5 2.05 1.91 

A5 218.6 2.05 2.11 C5 158.1 2.05 1.91 

A6 133.5 2.04 1.95 C6 118.8 2.04 1.82 

B1 183.8 2.07 2.02 D1 101.6 1.99 1.74 

B2 140.3 2.09 2.01 D2 113.4 1.99 1.67 

B3 132.8 2.07 1.99 D3 124.1 2.05 1.96 

B4 162.9 2.07 2.02 D4 144.9 2.03 1.80 

B5 173 2.06 2.05 D5 128.8 2.03 1.85 

B6 127.2 2.04 1.84 D6 58 1.84 1.13 

 

B: 6-well plate 

Table A.6. RNA quantification on samples treated with 2,4-D:BAP using 6-well plate at 1 

day intervals for 4 days incubation. 1: Day 1, 2: Day 2, 3: Day 3, 4: Day 4. A: 0.2 µM 2,4-

D:5 µM BAP, B: 1 µM 2,4-D:1 µM BAP, C: 0.05 µM 2,4-D:0.5 µM BAP, D: 0.1 µM 2,4-

D:3 µM BAP, E: 0.5 µM 2,4-D:7 µM BAP, F: Control 

ID Concentration 

(ng/µl) 

260/280 260/230 ID Concentration 

(ng/µl) 

260/280 260/230 

Day 0 183.8 2.08 1.70 A3 1018.7 2.08 2.20 

A1 379 2.09 2.05 B3 1007.3 2.07 2.19 

B1 466.2 2.08 2.00 C3 735.9 2.10 2.11 

C1 388.2 2.09 1.80 D3 682.8 2.07 2.17 

D1 296.1 2.09 1.44 E3 887.6 2.07 2.04 

E1 367.5 2.09 2.10 F3 412.7 2.05 2.01 

F1 281.7 2.10 1.74 A4 793.7 2.09 2.25 

A2 471.6 2.08 1.96 B4 729.6 2.08 2.14 

B2 588 2.16 2.07 C4 762.5 2.10 2.19 

C2 946.5 2.14 2.14 D4 680.1 2.09 2.12 

D2 479.9 2.13 2.01 E4 654.8 2.09 2.18 

E2 765.2 2.13 2.17 F4 391.6 2.04 2.06 
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F2 395.6 2.08 2.06     

 

C: Repeat 1: 6-well plate 

Table A.7. Repetition 1: RNA quantification of cells treated with 2,4-D:BAP using 6-well 

plate on day 4 of incubation.  

ID Concentration (ng/µl) 260/280 260/230 

Day 0 183.8 2.08 1.70 

0.2 µM 2,4-D:5 µM BAP 488.5 2.07 2.22 

1 µM 2,4-D:1 µM BAP 346.6 2.05 2.16 

0.05 µM 2,4-D:0.5 µM BAP 241.9 2.04 2.09 

0.1 µM 2,4-D:3 µM BAP 408.4 2.05 2.18 

0.5 µM 2,4-D:7 µM BAP 510.7 2.09 2.14 

Control 534.5 2.08 2.22 

 

D: Repeat 2: 6-well plate 

Table A.8. Repetition 2: RNA quantification of cells treated with 2,4-D:BAP using 6-well 

plates on day 4 of incubation. 

ID Concentration (ng/µl) 260/280 260/230 

Day 0 425.7 2.10 2.16 

0.2 µM 2,4-D:5 µM BAP 621.9 2.14 2.28 

1 µM 2,4-D:1 µM BAP 782.6 2.12 2.26 

0.05 µM 2,4-D:0.5 µM BAP 1161.6 2.14 2.27 

0.1 µM 2,4-D:3 µM BAP 484.2 2.12 2.27 

0.5 µM 2,4-D:7 µM BAP 559.8 2.17 2.32 

Control 367.2 2.10 2.20 

 

9.5.2. 2,4-D:GA3 

A: 6-well plate 

Table A.9. RNA quantification on samples treated with 2,4-D:BAP using 6-well plate at 1 

day intervals for 4 days incubation. 2: Day 2, 3: Day 3, 4: Day 4. A: 0.05 µM 2,4-D:0.5 µM 

GA3, B: 0.1 µM 2,4-D:3 µM GA3, C: 0.5 µM 2,4-D:7 µM GA3, D: Control 

ID Concentration 

(ng/µl) 

260/280 260/230 ID Concentration 

(ng/µl) 

260/280 260/230 

Day 0 471 2.17 2.31 C3 1562.8 2.24 2.34 

A2 1223 2.18 2.34 D3 2495.5 2.23 2.32 

B2 1810.5 2.18 2.33 A4 1859.1 2.23 2.31 

C2 1473.4 2.26 2.34 B4 1625.5 2.26 2.35 

D2 1496.2 2.26 2.35 C4 1375.6 2.25 2.33 

A3 2772.3 2.20 2.27 D4 2001.1 2.23 2.31 
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B3 2089.5 2.22 2.30     

 

C: Repeat 1: 6-well plate 

Table A.10. Repetition 1: RNA quantification of cells treated with 2,4-D:GA3 using 6-well 

plate on day 4 of incubation. 

ID Concentration (ng/µl) 260/280 260/230 

Day 0 333.8 2.05 2.18 

0.05 µM 2,4-D:3 µM GA3 513.2 2.10 2.27 

0.05 µM 2,4-D:7 µM GA3 217.1 2.04 2.10 

0.05 µM 2,4-D:0.5 µM GA3 375.4 2.06 2.17 

0.1 µM 2,4-D:3 µM GA3 518.6 2.09 2.23 

0.5 µM 2,4-D:7 µM GA3 447.5 2.04 2.18 

Control 293.8 2.05 2.17 

 

D: Repeat 2: 6-well plate  

Table A.11. Repetition 2: RNA quantification of cells treated with 2,4-D:GA3 using 6-well 

plate on day 4 of incubation. 

ID Concentration (ng/µl) 260/280 260/230 

Day 0 425.7 2.10 2.16 

0.05 µM 2,4-D:3 µM GA3 824.5 2.13 2.30 

0.05 µM 2,4-D:7 µM GA3 580 2.16 2.29 

0.05 µM 2,4-D:0.5 µM GA3 551.9 2.14 2.28 

0.1 µM 2,4-D:3 µM GA3 465.4 2.16 2.29 

0.5 µM 2,4-D:7 µM GA3 670.6 2.12 2.26 

Control 449 2.08 2.17 
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A.5.3. 2,4-D:GA3:BAP 

A: 6-well plate 

Table A.12. RNA quantification on samples treated with 2,4-D:GA3:BAP using 6-well plates 

at 1 day intervals for 4 days incubation. 1: Day 1, 2: Day 2, 3: Day 3, 4: Day 4. A: 0.2 µM 

2,4-D:5 µM GA3:5 µM BAP, B: 0.05 µM 2,4-D: 0.5 µM GA3:0.5 µM BAP, C: 0.05 µM 2,4-

D: 0.5 µM GA3:0.5 µM BAP, D: 0.1 µM 2,4-D:3 µM GA3:3 µM BAP, E: 0.5 µM 2,4-D:7 

µM GA3:7 µM BAP, F: Control 

ID Concentration 

(ng/µl) 

260/280 260/230 ID Concentration 

(ng/µl) 

260/280 260/230 

Day 0 242.5 2.12 1.93 A3 1018.7 2.08 2.20 

A1 379 2.09 2.05 B3 1007.3 2.07 2.19 

B1 466.2 2.08 2.00 C3 735.9 2.10 2.11 

C1 388.2 2.09 1.80 D3 682.8 2.07 2.17 

D1 296.1 2.09 2.32 E3 887.6 2.07 2.04 

E1 367.5 2.09 2.10 F3 412.7 2.05 2.01 

F1 281.7 2.10 1.74 A4 793.7 2.09 2.25 

A2 471.6 2.08 1.96 B4 729.6 2.08 2.14 

B2 588 2.16 2.07 C4 762.5 2.10 2.19 

C2 946.5 2.14 2.14 D4 680.1 2.09 2.12 

D2 479.9 2.13 2.01 E4 654.8 2.09 2.18 

E2 765.2 2.13 2.17 F4 391.6 2.04 2.06 

F2 395.6 2.08 2.06     

 

B: Repeat 1: 6-well plate 

Table A.13. Repetition 1: RNA quantification of cells treated with 2,4-D:GA3:BAP using 6-

well plates on day 4 of incubation. 

ID Concentration (ng/µl) 260/280 260/230 

Day 0 333.8 2.05 2.18 

0.2 µM 2,4-D:5 µM GA3:5 µM BAP 455.3 2.05 2.17 

0.05 µM 2,4-D:7 µM GA3:7 µM BAP 316 2.03 2.17 

0.05 µM 2,4-D:0.5 µM GA3:0.5 µM BAP 310.6 2.05 2.16 

0.1 µM 2,4-D:3 µM GA3:3 µM BAP 286.5 2.03 2.16 

0.5 µM 2,4-D:7 µM GA3:7 µM BAP 402.4 2.05 2.17 

Control 291.7 2.04 2.13 
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C: Repeat 2: 6-well plate 

Table A.14. Repetition 2: RNA quantification of cells treated with 2,4-D:GA3:BAP using 6-

well plates on day 4 of incubation. 

ID Concentration (ng/µl) 260/280 260/230 

Day 0 425.7 2.10 2.16 

0.2 µM 2,4-D:5 µM GA3:5 µM BAP 539.7 2.12 2.21 

0.05 µM 2,4-D:7 µM GA3:7 µM BAP 505.7 2.14 2.30 

0.05 µM 2,4-D:0.5 µM GA3:0.5 µM BAP 826.5 2.14 2.21 

0.1 µM 2,4-D:3 µM GA3:3 µM BAP 531.6 2.14 2.31 

0.5 µM 2,4-D:7 µM GA3:7 µM BAP 578.8 2.15 2.28 

Control 379.2 2.08 2.17 

 

A.6. RNA quantification during ripening induction 

A. 6-well plate 

Table A.15. RNA quantification of cells treated with 2,4-D:ACC using 6-well plates at 24 

hours of incubation. 

ID Concentration (ng/µl) 260/280 260/230 

0.2 µM 2,4-D:5 µM ACC 604.8 2.07 2.13 

1 µM 2,4-D:1 µM ACC 807.3 2.08 2.15 

0.05 µM 2,4-D:0.5 µM ACC 950.7 2.08 2.17 

0.1 µM 2,4-D:3 µM ACC 783.1 2.07 2.23 

0.5 µM 2,4-D:7 µM ACC 611.6 2.07 2.13 

Control 519.5 2.06 2.08 
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