
UNIVERSITY OF STRATHCLYDE, GLASGOW

CENTRE FOR FOOD QUALITY

STRATHCLYDE INSTITUTE FOR PHARMACY AND BIOMEDICAL

SCIENCES

Marker assisted breeding for fruit
quality characteristics in red

raspberry (Rubus idaeus)

SUSAN A.H. MCCALLUM

A thesis presented in fulfilment of the requirements for the degree of

Doctor of Philosophy

November 2009



i

This thesis is the result of the author’s original research. It has been composed by

the author and has not been previously submitted for examination which has led to

the award of a degree.

The copyright of this thesis belongs to the author under the terms of the United

Kingdom Copyright Acts as qualified by University of Strathclyde Regulations

3.50. Due acknowledgement must always be made of the use of any material

contained in, or derived from, this thesis.

Susan McCallum



ii

Acknowledgements

This study would not have been possible without funding through the HortLINK project

HL0170 with contributions from Horticultural Development Council, Kentish Garden,

Marks and Spencer, Mylnefield Research Services, Ltd. and ReDeva as well as access to

commercial raspberries from Thomas Thomson, Blairgowrie, for which I am grateful.

I would like to take this opportunity to thank my SCRI supervisor Dr Julie Graham for

unwavering support, encouragement and enthusiasm throughout this project. I would

also like to thank my University supervisor Dr Alistair Paterson for advice and editing of

this thesis. I would like to express my gratitude to Dr Mary Woodhead and Dr Joanne

Russell for valuable advice during the formation of this thesis, Dr Christine Hackett

(BIOSS) for support, assistance and patience with statistical analysis and Dr Gordon

McDougall and Mrs Pat Dobson for assistance with biochemical analysis.

I would also like to thank my SCRI colleagues Kay, Linzi, Sandra and Nikki for their

technical assistance, humour, friendship and fruit and I am incredibly grateful to Philip

Smith for the proof reading of this thesis.

Finally I would like to thank my family, Mum, Dad, Carol, Steven and James and my

friends, Louise, Sharon and Ashley for their continued support, encouragement and

patience throughout my higher education.



iii

Table of Contents

Table of Contents iii

List of Figures xi

List of Tables xiv

List of Abbreviations xv

Summary xxi

Chapter 1 General introduction 1

1.1 Red raspberry introduction 1

1.1.1 Raspberry cultivation 2

1.1.2 Raspberry industry 3

1.1.3 Flowers and fruit structure 3

1.1.4 Fruit development and ripening 5

1.1.4.1 Cell wall structure and disassembly 6

1.1.4.2 Abscission of fruit and ethylene biosynthesis 6

1.2   Quality traits of interest in red raspberry 7

1.2.1 Sugar biosynthesis 8

1.2.2 Organic acid biosynthesis 11

1.2.3 Colour biosynthesis in fruit 12

1.2.3.1   Polyphenol biosynthesis 12

1.2.3.2   Anthocyanin biosynthesis 14

1.2.3.2.1   Transcription factors involved in anthocyanin

biosynthesis 18

1.2.3.2.2    Co-pigmentation and anthocyanin stability 20

1.2.4   Aquaporins and transport genes 21

1.2.5   Expansin and cell growth 23

1.2.6   Fruit size and weight 25

1.2.7   Sensory perception of flavour 26

1.3   External influences on quality traits 27

1.3.1   Environmental hydrogen ion content 27



iv

1.3.2   Light impact on flavonoid synthesis 28

1.3.3   Temperature and flavonoid synthesis 29

1.4 Conventional breeding in red raspberry 30

1.5   Marker assisted breeding in red raspberry 32

1.5.1 Morphological markers 33

1.5.2 Biochemical markers 33

1.5.3 Molecular markers 33

1.5.4 Genetic linkage maps 35

1.5.5   Quantitative trait loci 36

1.5.6   Candidate gene identification 37

1.5.6.1   Candidate gene functions 37

1.5.6.2 Structural and regulatory genes 38

1.6   Pests and diseases of red raspberry 39

1.6.1   Phytophthora fragariae 39

1.6.2   Amphorophora idaei 40

1.6.3   Raspberry bushy dwarf virus 40

1.6.4   Botrytis cinerea 40

1.6.5   Byturus tomentosus 41

1.7   Health attributes from fresh fruit 41

1.7.1 Antioxidants 42

1.7.2 Ascorbate biosynthesis 43

1.8 Aims of this study 45

Chapter 2   Materials and methods 46

2.1   Materials and methods for phenotypic analysis (Chapter 3) 46

2.1.1   Mapping population 46

2.1.1.1   SCRI open field 46

2.1.1.2   SCRI protected site 46

2.1.1.3   Commercial protected site 47

2.1.2   Sample collection 47



v

2.1.3   Ripening stages 49

2.1.4   Colour meter analysis 49

2.1.4.1 Fruit homogenization tests 52

2.1.4.2 Preparation of samples for colour meter analysis 52

2.1.4.3   Visual colour analysis of samples 53

2.1.4.4   Extraction of raspberry juice 53

2.1.4.5   Total phenolic content 53

2.1.4.6   Total anthocyanin content 54

2.1.4.7   Measurement of sample pH 54

2.1.5   Total soluble solids analysis 55

2.1.6   Sample weight 55

2.2 Materials and methods for genotypic analysis (Chapter 4) 55

2.2.1   Mapping population 55

2.2.2   DNA extraction from mapping population 55

2.2.3   Candidate gene analysis 56

2.2.4    Polymerase chain reaction 57

2.2.4.1   SSR programme 57

2.2.4.2   Touchdown programme 58

2.2.5   Primer re-design 58

2.2.6   Electrophoresis agarose gel visualisation 58

2.2.7   MinElute gel extraction protocol using a microcentrifuge 59

2.2.8   Determination of DNA concentration 60

2.2.8.1   Sequencing protocol 60

2.2.9   DNA cloning protocol 60

2.2.9.1   Clean up using Qiagen MinElute PCR purification kit 61

2.2.9.2   Ligation reaction using pGEM® - T Easy vector 61

2.2.9.3   Transformation of samples using pGEM® - T Easy vector

ligation reactions 64

2.2.9.4   Miniprep colony isolation 64

2.2.9.5   Large scale plasmid minipreparation 65



vi

2.2.9.5.1   BigDye® terminator cycle sequencing 66

2.2.9.5.2   Purification and analysis of DNA sequencing

reactions 66

2.2.10   Single nucleotide polymorphism detection 67

2.2.10.1   Pyrosequence® analysis 67

2.2.10.2   Sample preparation for Pyrosequence® analysis 68

2.2.10.3   Pyrosequencing® protocol 68

2.2.11   Gene prediction following single nucleotide polymorphism

detection 70

2.3   Materials and methods for EST library utilisation 70

2.3.1   EST library construction 70

2.3.2   Plant material for library construction 70

2.3.3   cDNA library preparation 71

2.3.4   Purification of total RNA from raspberry fruit 71

2.3.5 RNA cleanup protocol using Qiagen RNeasy mini kit 72

2.3.6   DNase treatment of total RNA 73

2.3.7   mRNA isolation 73

2.3.8   First strand cDNA synthesis 74

2.3.9   Second strand cDNA synthesis 76

2.3.10   SalI adapter ligation 76

2.3.11   NotI Digestion 76

2.3.12   Ligation of cDNA to the pSport1 vector 77

2.3.13   Transformation of cDNA 77

2.3.14   Insert check of transformed cDNA 77

2.3.15   Large scale library preparation 78

2.3.16   Genetix Q-Bot colony selection 78

2.3.17   EST library construction 79

2.3.17.1   Overnight cell growth 79

2.3.17.2   cDNA sequencing clean up using Genetix Genclean 79

2.3.17.3   cDNA sequence analysis 80



vii

2.3.17.3.1   Sample preparation for genotyping 80

2.4 Materials and methods for validation of quality QTLs (Chapter 5) 81

2.4.1   Plant material 81

2.4.2   DNA extraction 81

2.4.3   Candidate genes selected for QTL validation 81

2.4.3.1   Polymerase chain reaction 83

2.4.4   Preparation of samples for sequence clean up and analysis 83

Chapter 3   Phenotypic analysis and correlations 84

3.1   Introduction 84

3.1.1   Phenotypic traits of visual importance 84

3.1.1.1   Fruit colour 85

3.1.1.2   Fruit size 85

3.1.1.3   Total soluble solids content 86

3.1.2   Protected cultivation practices 86

3.1.3   Marker assisted breeding 87

3.2   Results 88

3.2.1 Fruiting season one, July 2006 88

3.2.1.1   Plant material for phenotypic data collection in 2006 88

3.2.1.2   Seasonal data for 2006 90

3.2.1.3   Colour meter analysis 90

3.2.1.3.1   Analysis of variance 90

3.2.1.3.2 Colour meter correlations 92

3.2.1.3.3 Colour variation in different weights analysed 94

3.2.1.4   Analysis of total soluble solids 96

3.2.1.4.1 Comparison of oBrix measurements between

sample juice and puree 98

3.2.1.5   Ten berry weight 100

3.2.2    Fruiting season two, July 2007 102

3.2.2.1   Plant material for phenotypic data collection in 2007 102



viii

3.2.2.2   Seasonal data for 2007 104

3.2.2.3   Colour meter analysis 106

3.2.2.3.1   Visual colour analysis 108

3.2.2.4   Analysis of total soluble solids 110

3.2.2.5   Ten berry weight 112

3.2.3   Fruiting season three, July 2008 115

3.2.3.1   Plant material for phenotypic data collection in 2008 115

3.2.3.2   Seasonal data for 2008 115

3.2.3.3   Colour meter analysis 117

3.2.3.3.1   Visual colour analysis 119

3.2.3.3.2   Biochemical analysis of colour 121

3.2.3.3.2.1 Total phenol content 121

3.2.3.3.2.2 Total anthocyanin content 123

3.2.3.3.2.3 Hydrogen ion concentration 126

3.2.3.4   Analysis of total soluble solids 128

3.2.3.5   Ten berry weight 130

3.2.4 Correlations across three seasons 132

3.2.4.1   Seasonal variation 132

3.2.4.2   Colour meter variations 134

3.2.4.3   Biochemical correlations 136

3.2.4.4   Total soluble solids 137

3.2.4.5   Ten berry weight 139

3.3    Discussion 142

3.3.1   Biochemical influence on fruit quality 142

3.3.2   Environmental and seasonal influence on fruit quality 145

Chapter 4 Identification of candidate genes related to fruit quality 149

4.1   Introduction 149

4.1.1   Sources of putative candidate genes 149

4.1.1.1   Homology as a source of candidate genes 149



ix

4.1.1.2   Database mining as a source of candidate genes 150

4.1.1.3   Biological pathways 151

4.2 Results 153

4.2.1   Candidate genes identified in Rubus through homology sources 153

4.2.2   Candidate genes identified in Rubus through database mining 155

4.2.3   Candidate genes identified through the construction of an EST

library 155

4.2.3.1   RNA extraction and cDNA synthesis 155

4.2.4   Approaches to mapping candidate genes 158

4.2.4.1   Size polymorphism 158

4.2.4.2   Single nucleotide polymorphism 158

4.2.4.3   Sequence results from EST fruit libraries 162

4.2.5   Pyrosequence® analysis of candidate genes 164

4.2.6   Gene prediction of amino acid substitutions 167

4.3   Discussion 169

4.3.1   Aquaporin water channel proteins 170

4.3.2   Expansin 170

4.3.3   Galactose dehydrogenase 170

4.3.4   Anthocyanin reductase 171

4.3.5   Dihydroflavonol 4-reductase 171

4.3.6   Flavonoid 3’-hydroxylase 171

4.3.7   Flavonol synthase 172

4.3.8 Glutathione S-transferase 172

4.3.9 Hypothetical proteins 172

4.3.10 Major latex-like proteins 173

4.3.11   Metallothioneins 173

Chapter 5    Quantitative trait loci mapping 174

5.1    Introduction 174

5.1.1   Quantitative trait loci mapping studies 174



x

5.1.2   Functional candidate gene analysis 176

5.1.3   Linkage maps 176

5.1.4   Genetic markers 177

5.1.5   Quantitative trait loci validation 178

5.1.6   Genetic diversity 178

5.2   Results 179

5.2.1   Linkage map construction 179

5.2.2   Candidate gene mapping 180

5.2.3   QTL analysis 183

5.2.3.1   Linkage group 1 183

5.2.3.2   Linkage group 2 185

5.2.3.3   Linkage group 3 188

5.2.3.4   Linkage group 4 191

5.2.3.5   Linkage group 5 194

5.2.3.6   Linkage group 6 196

5.2.3.7   Linkage group 7 198

5.2.4   QTL heritability 200

5.2.5   QTL validation 202

5.3   Discussion 205

Chapter 6 Discussion, conclusions and future direction 209

6.1   Summary of findings 209

6.2   Future work 220

6.2.1 Association mapping 220

6.2.2 Metabolomics 221

References 223

Appendices 266

List of publications 274



xi

List of Figures

Figure 1.1. Red raspberry flower. 4

Figure 1.2. Schematic representation of sucrose sensing and cleavage in plants. 10

Figure 1.3. Classification of the variations in polyphenols identified in berries. 13

Figure 1.4. Carbon skeleton showing the basic anthocyanin structure. 15

Figure 1.5. Structure of two of the most common anthocyanins found in red

raspberry. 17

Figure 1.6. Schematic representation of enzymes and intermediates in grape

flavonoid biosynthesis. 19

Figure 1.7. Schematic representation of plant aquaporins. 22

Figure 1.8. Activity of expansin on cell wall loosening. 24

Figure 1.9. Raspberry breeding schedule as described by the Scottish Crop

Research Institute. 31

Figure 1.10. Schematic representation of ascorbic acid synthesis. 44

Figure 2.1. Colour space and deviation as analysed by L*a*b* and ∆E. 51

Figure 2.2. Equation showing the colour calculation of colour deviation (ΔE). 50

Figure 2.3. Superscript™ choice systems schematic representation of the cDNA

construction stages. 75

Figure 3.1. The phenotypically diverse parents used in the construction of a

segregating mapping population. 89

Figure 3.2. Scatter plot matrix showing the linear relationship between Yxy

and L*a*b* in 2006 for repetition 1, clone 1 (R1C1) from the

field site at SCRI. 93

Figure 3.3. Colour meter measurements for fruit brightness (Y) for two weights,

10 g and 15 g analysed across four individual clones from the field

site at the SCRI in 2006. 95

Figure 3.4. oBrix values obtained for sample fruit juice from the field site

in 2006. 97

Figure 3.5. oBrix measurements obtained from fruit juice and fruit puree samples

from the field site in 2006. 99



xii

Figure 3.6. Ten berry weight measurements recorded from the field site in 2006. 101

Figure 3.7. Three environmental locations analysed in 2007. 103

Figure 3.8. Colour meter analysis of sample brightness (Y) in 2007 across three

environmental sites. 107

Figure 3.9. Histograph showing the distribution of visual colour analysis for

the three environmental locations in 2007. 109

Figure 3.10. oBrix measurements for three environmental sites in 2007. 111

Figure 3.11. Ten berry weight measurements for three environments in 2007. 113

Figure 3.12. Glen Moy pictured from SCRI polytunnel site and SCRI field site

from 2007. 114

Figure 3.13. Colour meter analysis of sample brightness (Y) in 2008 across three

environmental sites. 118

Figure 3.14. Distribution of visual colour analysis for whole fruit and blended

samples across the three environmental locations in 2008. 120

Figure 3.15. Total phenol content recorded across the three sites in one season. 122

Figure 3.16. Total anthocyanin content for the three environmental sites 2008. 124

Figure 3.17. Scatter plot matrix of total anthocyanin correlations. 125

Figure 3.18. Variation of pH measurements recorded across the three sites. 127

Figure 3.19. Variation of oBrix measurements recorded across the three sites

in one season. 129

Figure 3.20. Variation of ten berry weights across the three sites in one season. 131

Figure 3.21. Sample brightness (Y values) recorded across the three seasons

and sites. 135

Figure 3.22. oBrix measurements obtained across sites and seasons. 138

Figure 3.23. Ten berry weights for the mapping population across sites

and season. 141

Figure 4.1. A 1.5% (w/v) agarose gel of RNA isolated from fruit. 156

Figure 4.2. A 1.5% agarose gel showing PCR products obtained for the candidate

gene membrane intrinsic protein (MIP) 3. 159



xiii

Figure 4.3. Chromatograph obtained from BioEdit 5.0.9 for the candidate gene

. dihydroflavonol 4-reductase (DFR). 161

Figure 4.4. Pyrogram® traces for the parents (A) Glen Moy and (B) Latham

and (C) one of the progeny (r222) for the candidate gene

dihydroflavonol 4-reductase (DFR). 165

Figure 4.5. Prediction of potential genes formed from the polymorphisms

found in MIP 2 using the gene prediction software FGENESH. 168

Figure 5.1. QTL regions on linkage group 1. 184

Figure 5.2. QTL regions on linkage group 2. 186

Figure 5.3. QTL regions on linkage group 3. 189

Figure 5.4. QTL regions on linkage group 4. 192

Figure 5.5. QTL regions on linkage group 5. 195

Figure 5.6. QTL regions on linkage group 6. 197

Figure 5.7. QTL regions on linkage group 7. 199

Figure 5.8. Single nucleotide polymorphism detected in flavonol synthase

for the mapping parents and a selection of raspberry germplasm. 204

Figure 6.1a. Linkage groups displaying quantitative trait loci for raspberry

traits. 214

Figure 6.1b. Linkage groups displaying quantitative trait loci for raspberry

traits. 215



xiv

List of Tables

Table 2.1. Segregating characteristics of the mapping population parents. 48

Table 2.2. Preparation of ligation reactions used for gene cloning. 63

Table 2.3. Raspberry cultivars selected for QTL validation. 82

Table 2.4. Candidate genes selected for QTL validation and method of analysis. 82

Table 3.1. Seasonal analysis showing temperature measurements across season 1. 91

Table 3.2. Seasonal analysis showing temperature measurements across season 2. 105

Table 3.3. Seasonal analysis showing temperature measurements across season 3. 116

Table 3.4. Seasonal analysis showing temperature variations across three seasons. 133

Table 3.5. Analysis of variance for colour meter Y. 134

Table 4.1. Candidate gene status in Rubus from homologous species. 154

Table 4.2. RNA yield for a selection of samples from each fruit library

constructed. 157

Table 4.3. Sequence length and SNPs identified in the ten candidate gene

sequences in R. idaeus. 160

Table 4.4. Examples of genes of interest identified from EST sequences

from cv. Latham (ERubLath) and cv. Glen Moy (ERubMoy). 163

Table 4.5. Mapping results for candidate genes. 166

Table 5.1. Raspberry genetic linkage map based on 283 markers mapped

after round 1 and 2 of Joinmap 3.0 analysis. 181

Table 5.2. Raspberry candidate gene and QTL mapping. 182

Table 5.3. Potential marker from LG 2 for marker assisted breeding. 187

Table 5.4. Potential marker from LG 3 for marker assisted breeding. 190

Table 5.5. Potential markers from LG 4 for marker assisted breeding. 193

Table 5.6. Heritability estimates for fruit grown in 2007 and 2008. 201

Table 5.7. Single nucleotide polymorphisms identified in a range of raspberry

germplasm for a selection of candidate genes. 203



xv

List of Abbreviations

A230 Absorbance at 230 nm

A260 Absorbance at 260 nm

A280 Absorbance at 280 nm

ACN Acetonitrile

AcOH Acetic acid

AFLP Amplified fragment length polymorphism

AIX Ampicillin, IPTG, X-gal

amp Ampicillin

ANOVA Analysis of variance

ANR Anthocyanin reductase

ANS Anthocyanin synthase

ATP Adenosine triphosphate

AVI Anthocyanin vacuolar inclusions

BAC Bacterial artificial chromosome

bHLH Basic helix loop helix

BLAST Basic Local Alignment Search Tool

bp Base pair

BRNV Black raspberry necrosis virus

ca Circa

C3G Cyanidin-3-glucoside

C3GR Cyanidin-3-(2-glucosylrutinoside)

C3R Cyanidin-3-rutinoside

C3S Cyanidin-3-sophoroside

CCD Charge coupled device

cDNA Complementary DNA

CFI Chalcone flavanone isomerase

CHI Chalcone isomerase

CHS Chalcone synthase

CIE Commission Internationale de l’Eclairage



xvi

CIM Composite interval mapping

CM Colour meter measurements

cM CentiMorgan

contig Contiguous sequence

Cs Citrate synthase

CT Commercial polytunnel

CTAB Hexadecyl  trimethyl ammonium bromide

c.v Cultivar
oC Degrees Celsius

DAFB Days after full bloom

dCTP Deoxycytidine-5’-triphosphate

DEPC Diethyl pyrocarbonate

DFR Dihydroflavonol 4-reductase

DHK Dihydroflavonols

DNase Deoxyribonuclease

dNTP Deoxynucleotide

DTT Dithiothreitol

EBI European Bioinformatics Institute

E. coli Escherichia coli

EDTA Ethylenediaminetetra-acetic acid

EMBL European Molecular Biology Laboratory

ER Endoplasmic reticulum

EST Expressed sequence tag

EtBr Ethidium bromide

EXP Expansin

F Field site, SCRI

F3’H Flavonoid 3’-hydroxylase

F3’5’H Flavonoid 3’, 5’-hydroxylase

FLS Flavonol synthase

fw Free weight



xvii

fw Fruit weight gene

GAE Gallic acid equivalents

Gal-dh Galactose dehydrogenase

GST Glutathione S-transferase

H+ Hydrogen ions

h2 Heritability

Hg Mercury

Hcl Hydrochloric acid

Hk Hexokinase

Hz Hertz

IAA Isoamyl alcohol

Inv Invertase

IPM Integrated pest management

IPTG Isopropylthio-β-galactopyranoside

kb Kilobase pairs

KW Kruskal Wallis

l Litre

LB Luria Bertani

LD Linkage disequilibrium

LDOX Leucoanthocyanin dioxygenase

LG Linkage group

LN2 Liquid nitrogen

LOD Limit of detection

LRU Light regulatory units

M Molar (concentration)

MAB Marker assisted breeding

MAS Marker assisted selection

Mbp Mega base pairs

mdh Malate dehydrogenase

MgCl2 Magnesium chloride



xviii

MgSO4 Magnesium sulphate

MIP Membrane intrinsic protein

ml Millilitres

MLP Major latex like protein

mM Millimolar

mRNA Messenger RNA

μF Microfarad

µg Micrograms

µl Microlitres

µm Micrometre

MYB Gene derived from avian myeloblastosis virus

Na2EDTA Ethylenediaminetetra acetic acid (disodium salt)

NaCl Sodium chloride

NaOH Sodium hydroxide

NCBI National Centre for Biotechnology Information

ng Nanograms

NI Neutral invertase

NIP Nodulin 26-like intrinsic protein

nm Nanometres

oligo (dT) Oligodeoxythymidylic acid

P3G Pelargonidin-3-glucoside

P3GR Pelargonidin-3-glucosylrutinoside

P3S Pelargonidin-3-sophoroside

P3R Pelargonidin-3-rutinoside

PAL Phenylalanine ammonia-lyase

PEPC Phosphoenolpyruvate carboxylase

PCC Pearson correlation coefficient

PCR Polymerase chain reaction

PG Polygalacturonase

pH Potential of Hydrogen



xix

PIP Plasma intrinsic protein

PME Pectinmethylesterase

Poly (A)+ Polyadenylated

PPi Pyrophosphate

psi Pounds per square inch

PSQ Pyrosequencing

PT Polytunnel, SCRI

QTL Quantitative trait loci

R1C1 Repetition 1, Clone 1

R1C2 Repetition 1, Clone 2

R2 Phenotypic variation

R2C1 Repetition 2, Clone 1

R2C2 Repetition 2, Clone 2

R2R3 MYB gene domain

RAPD Random amplified polymorphic DNA

RBDV Raspberry bushy dwarf virus

RFLP Restriction fragment length polymorphism

RLMV Raspberry leaf mottle virus

RLSV Raspberry leaf spot virus

RNase Ribonuclease

rRNA Ribosomal RNA

RYNV Rubus yellow net virus

S. cerevisiae Saccharomyces cerevisiae

SCRI Scottish Crop Research Institute

SDS Sodium dodecyl sulphate

SIP Small and basic intrinsic protein

SNP Single nucleotide polymorphism

SPS Sucrose-phosphate synthase

STP Sucrose transporter

Subsp Subspecies



xx

SuSy Sucrose synthase

Taq Thermus aquaticus

TBE Tris borate-EDTA

TCA Tricarboxylic acid

TE Tris-EDTA

TEMED N,N,N’,N’ tetramethylethylenediamine

TIP Tonoplast intrinsic protein

tRNA Transfer RNA

Tris HCl Tris (hydroxymethyl) methylamine-hydrochloric acid

TSS Total soluble solids

UV Ultra violet

UFGT UDP-glucose:flavonoid 3-O-glucosyltransferase

UDP Uridine diphosphate

var Variety

VI Vacuolar invertase

Vp2 Vacuolar H+ pyrophosphatase

v/v Volume for volume

w/v Weight for volume

X-gal 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside

4Cl 4-coumarate CoA ligase



xxi

Summary

Raspberry breeding is a long, slow process in this highly heterozygous out-breeder.

Selections for complex traits, like fruit quality, are broad-based and few simple

methodologies and resources are available. The main quality traits of interest to

producers and buyers alike are the overall appearance of the raspberry, which includes

not only size and colour, but overall drupelet cohesion and shape. Second to that is the

overall sweetness and sourness of fruit as well as the balance and intensity of the two

combined.

Knowledge of metabolic pathways involved in the uptake and regulation of sugars,

organic acids and flavonoid synthesis were utilised in order to identify and map

candidate genes involved in phenotypic variation. These include transporter genes;

membrane intrinsic proteins (MIP 2 and MIP 3) and tonoplast intrinsic protein (TIP),

and flavonoid genes; flavonol synthase (FLS), anthocyanin reductase (ANR),

dihydroflavonol 4-reductase (DFR), glutathione S-transferase (GST) and flavonoid

3’-hydroxylase (F3’H). Other genes mapped in red raspberry, involved in fruit quality,

include expansin (EXP) and galactose dehydrogenase (Gal-dh). A total of 75 putative

QTLs were located across the raspberry genome for all traits analysed across different

environments and seasons, the majority of which were subsequently linked to underlying

candidate genes or markers. The large number of QTLs detected for some traits (22 for

colour meter analysis) was further evidence towards phenotypes caused by a cumulative

result of numerous QTLs of small effect and not by a few of large effect.

This study demonstrates the need for a multifaceted approach towards understanding and

identifying components underlying quality traits in red raspberry. While seasonal effects

were evident for many phenotypic traits, the potential to enhance quality by genotypic

selection was clear. Once the genetic controls of traits contributing to sensory qualities

have been identified, linkage of such traits to molecular markers heralds the future of

plant breeding.
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Chapter 1   General introduction

1.1 Red raspberry introduction

The European red raspberry belongs to the genus Rubus, diverse with around 500

species from diploid to dodecaploid, sub-divided into 12 subgenera (Jennings, 1988).

Notable are the European red (R. idaeus subsp. vulgatus Arrhen or simply R. idaeus),

North American red (R. idaeus subsp. strigosus Michx or R. strigosus) and black

raspberries (R. occidentalis L.) (Jennings, 1988). Rubus belongs to the economically

important Rosaceae family of perennial fruit crops with Malus (apple), Pyrus (pear),

Fragaria (strawberry) and Prunus (stone fruit). The red raspberries are diploid species

with seven chromosomes (2n = 2x = 14) (Pool et al., 1981) and genomes of ca. 275 Mb

(Jennings, 1988). The term raspberry is thought to have derived from the sharp “rasping”

flavour of the fruit although it may also originate from the Anglo-Saxon term “resp”

which means shoots or suckers (Jennings, 1988). Indigenous to Asia Minor, raspberries

were reportedly gathered wild on the foothills of Mount Ida by the people of Troy

(Troas, Turkey) in the 1st Century BC with domestication recorded by Roman

agriculturist Palladius in the 4th Century AD. Pliny the Elder wrote about red raspberries

in 45 AD and described how the Greeks referred to the fruit as “Ida” fruit after Mount

Ida (Jennings, 1988). The term “Ida” continued to be used for the fruit; Linnaeus (1707-

1778) derived Rubus idaeus from Latin “Ruber” meaning red and “idaeus” thought to be

inspired from Mount Ida. The Ide Mountains of Turkey may however be a more accurate

origin (Jennings, 1988). Although berries were initially gathered from the wild, the

plants were not cultivated for food but were used for medicinal purposes, particularly in

the treatment of eye and stomach disorders (Jennings, 1988). Seeds have been found at

Roman forts in Britain following archaeological excavation, indicating the spread of

raspberry cultivation throughout Europe by the Romans (Jennings, 1988).
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1.1.1   Raspberry cultivation

Red raspberries were cultivated by the English herbalist, Turner in 1548, and by 1629

full chapters were devoted to raspberries: John Parkinson wrote about red, white and

thorn-less “raspis-berries” (Ourecky, 1975; Jennings, 1988). By the turn of the 17th

Century, British land owners grew raspberries and by the 18th Century cultivation had

spread throughout Europe. The first commercial sale of red raspberry nursery plants is

credited to William Price of Flushing, New York in 1737 (www.pan-am-

llc.com/history_raspberry.htm). Britain popularised and improved raspberries

throughout the Middle Ages (ca. 4th Century to the 15th Century), producing larger,

higher quality fruit, and began exporting plants to New York in 1771 (Jennings, 1988).

This led to a number of commercial growers selecting clones grown in the wild and

importing cultivars and seeds in order to produce higher quality crosses of their own

(Darrow, 1937). Successful British cultivars of the early 19th Century include ‘Red

Antwerp’, renowned for large fruit, thought to have been grown in 1800 and derived

from this was ‘Fastolff’ in 1820. ‘Superlative’ was discovered in Dover by 1888 which

was heralded as the “giant” of the 1900s (Jennings, 1988). By the early 1920s the first

controlled breeding programme began for red raspberries in Britain and this was

introduced at the East Malling Research Station in Kent. Breeding is the selection of

individuals, based on qualities of interest, in order to combine desirable morphological,

physiological or genetic traits into a single cultivar (Roach, 1985). The ancestry of red

raspberry breeding is dominated by five parental cultivars; ‘Pynes Royal’ (1913) and

‘Lloyd George’ (1919) derived exclusively from R. idaeus var. vulgatus and ‘Cuthbert’

(1865), ‘Preussen’ (1919) and ‘Newburgh’ (1930) derived from both R. idaeus var.

strigosus and R. idaeus var. vulgatus (Roach, 1985; Jennings, 1988).

While initial breeding focused on producing new raspberry varieties bearing larger

berries and higher yields, significant advances arose from the cross of R. idaeus and

R. strigosus cultivars. High quality fruit were produced with higher yields which were

resistant to a variety of pests and diseases including root rot (Phytophthora fragariae).

www.pan-am-
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Today there are three commercially accepted varieties grown in Britain, that is to say

three varieties that the supermarkets deem suitable in terms of size, quality and shelf life.

These include ‘Glen Ample’ and ‘Tulameen’ which fruit mid season between July and

August and ‘Octavia’ which fruits slightly later in the season at the beginning of August.

With an estimated retail value of £65 million per year (2007, UK Figures)

(http://www.fao.org/statistics) current varieties are insufficient to meet the requirements

of growers and consumers and with concerns over environmental impact, regarding food

miles and carbon emissions, and the desire to buy locally grown food, the problems with

current limited varieties are exacerbated.

1.1.2   Raspberry industry

The UK raspberry industry, until recently, was traditionally a processed fruit industry

which had been in decline for 20 years through competition from imports and decreases

in yield due to climatic changes affecting production (frost damage, prolonged dry

periods), damage caused by disease, and reduction in pesticides. In order to prevent a

further decline in the UK industry, it became evident that alternative strategies must be

employed. Over the last 10 years the industry has been revitalised by growing fruit under

protected cultivation for the high quality fresh market. Breeding raspberries of high

quality and extending the current narrow growing season would further assist market

development.

1.1.3 Flowers and fruit structure

Plants have both vegetative primocanes and fruiting fructocanes which produce fruit on

an annual basis from the 2nd year of growth and fruiting can exceed 15 years in

favourable environments (Jennings, 1988). Excess primocanes are pruned to reduce inter

cane competition for water and nutrients and to enable efficient light exposure (Jennings,

1988). Pruning of fruiting canes following harvest allows new growth and also prevents

the build up of fungal inocula (Graham and Jennings, 2009). Small white/pink flowers

(0.5–1.5 cm), produced in the 2nd year of growth, consist of five petals, five sepals a very

short hypanthium and around 60 to 90 stamens (Figure 1.1).

http://www.fao.org/statistics
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Figure 1.1. Red raspberry flower. Small white/pink flowers are produced in the 2nd

year of plant growth and consist of five petals, five sepals a very short hypanthium and

around 60 to 90 stamens.
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Flowers produce profuse amounts (up to 33 mg) of nectar, 50% of which is sugar

(Petkov, 1963). Raspberries are compound aggregate fruits which consist of an

apocarpous gynoecium that contains 60 to 80 ovaries (carpels) each of which develops

into a drupelet connected by minute hairs formed around a central receptacle. These

epidermal hairs are unicellular linear trichomes that are the main source of drupelet

cohesion (Jennings, 1988). Each drupelet consists of a fleshy mesocarp, with thin walled

parenchyma cells and a hard endocarp that forms a tiny pit enclosing a single seed

(Jennings, 1988). While most drupes contain only a single seed, a few may contain two

(Graham and Jennings, 2009). Firmness of raspberry fruits is associated with both size

and number of individual drupelets and their relative cohesion (Jennings, 1988). Pectins

are the cell wall component that influences texture and function by containing turgor

pressure within cells which consequently regulate the cells ability to extend and grow

(Jarvis, 1984). Stewart et al. (2001) attributed varietal differences in pectin levels in

raspberry fruit as a factor in fruit firmness promoting cell to cell adhesion.

1.1.4 Fruit development and ripening

There are four main stages involved in the development of fruit: 1) fertilisation and fruit

set; 2) cell division; 3) cell expansion and 4) fruit ripening (Gillaspy et al., 1993). The

successful completion of each stage determines the outcome of the following stages with

early defects impacting on mature fruit characteristics (Causse et al., 2004). Raspberries

ripen between 30 to 36 days after pollination with variations determined by maternal

genotype and environmental conditions (Jennings, 1988). Following pollination, fruits

grow rapidly for around 10 to 12 days due to cell division, and then as the embryo

develops and the endocarp hardens, growth slows down for a period of 10 to 12 days. A

final stage of rapid cell growth occurs due to cell enlargement that lasts for 10 to 12 days

(Hill, 1958). Fruit development is a series of genetically determined biochemical and

physiological processes with changes in appearance (colour), texture and flavour (aroma

and taste) occurring during the terminal stage. The outcome is fruit which is desirable

and edible to both consumers and seed dispersing animals (for review see Tucker, 1993;

Giovannoni, 2001). Ripening involves the expansion of ovule derived tissues, loss of
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chlorophyll and a progressive decrease in tissue firmness during which time metabolites

involved in pigmentation and volatiles also accumulate (Kumar and Ellis, 2001).

Changes within fruit during ripening include modification of cell wall ultrastructure and

texture, conversion of starch to sugars, pigment biosynthesis and accumulation of

flavour volatiles (Giovannoni, 2001). Several enzymes have been identified which

impact on fruit ripening and softening including polygalacturonase (PG), pectin

methylesterase (PME), β galactosidase and expansins  (Giovannoni, 2001; Vrebalov et

al., 2002). Regulation involves transcription factors such as MADS box genes, primarily

in the floral development of petals, carpel and stamen (Giovannoni, 2001; Vrebalov et

al., 2002).

1.1.4.1 Cell wall structure and disassembly

The disassembly of the cell wall during fruit ripening is an accomplished modification

brought about by a series of enzyme activities performed in a controlled manner

(Brummell and Harpster, 2001). Degradation of pectin produces glucose and galactose

(Fischer and Bennett, 1991) with xylose also released during raspberry softening (Gross

and Sams, 1984). Guerrero-Prieto et al. (1996) reported that ripening began with β

galactosidase activity initiating cell wall changes through the release of galactose side

chain residues at the green stage. This was followed by cellulase and polygalacturonase

activities during the green/red stage with activity declining during the red ripe stage.

1.1.4.2 Abscission of fruit and ethylene biosynthesis

Ethylene is involved in the regulation of several physiological events in fruit ripening

(Tucker and Brady, 1987). Fruit differ in their utilisation of ethylene for completion of

ripening: climacterics require ethylene and include banana, peach and apple; non

climacterics do not, but may still respond to the hormone notably strawberry, citrus and

grape (Giovannoni, 2001). In climacteric fruit an increase in respiration coincides with

ethylene biosynthesis whereas no respiratory peak is present in non climacteric fruit

(Vrebalov et al., 2002). Raspberry shows typical climacteric behaviour with ethylene
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rising during early stages of ripening reaching maximum in fully ripe fruit but

respiration rate decreases during ripening, characteristic of non climacteric fruit

(Jennings, 1988). Ethylene is also involved in the abscission of fruit from receptacles on

ripening (Sexton et al., 1997). Abscission zones in stipes weaken in synchrony allowing

drupelets to be harvested as a single cap due to the entanglement of epidermal hairs

(Iannetta et al., 2000).

1.2   Quality traits of interest in red raspberry

Quality attributes of ripe, red raspberries result from the accumulation of anthocyanin

pigments (cyanidin glycosides) and characteristic flavour components such as those

derived from phenolics (p-hydroxyphenylbutan-2-one). Kramer and Twigg (1966)

described fruit quality as the conjunction of physical and chemical characteristics that

confer good appearance and acceptability. The main quality traits of interest to

producers and buyers alike are the overall appearance of fruit including not only size and

colour but drupelet cohesion and shape, which if found to be visually attractive to the

buyer, will encourage initial purchase. Equally important are the overall sweetness and

sourness of fruit as well as the balance and intensity of the two combined which, if

subsequently enjoyed, may lead to repeat purchases. Raspberry quality is generally

described as a combination of taste, texture and aroma components: fruity, sweet and

floral whilst having some acidity but without any bitterness (Harrison et al., 1999).

Although genotype is the major determinant in fruit quality, other factors contribute to

individual variation and include environmental and cultivation techniques as well as

ripening season (Capocasa et al., 2008). In apple, key factors contributing to quality are

appearance, texture and flavour, the last of which has been further broken down to

include aroma and taste involving around 350 volatiles (Maarse, 1991). The balance

between sugar and acid composition is deemed central to taste with malic acid identified

as the principal acid and main substrate for respiration in apples which is proposed to be

controlled by a single (Ma) gene (Liebhard et al., 2003). An appropriate balance is

responsible for optimal flavour whereby a given sugar level is found to correspond to an

optimal acid content (Malundo et al., 1995).
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The peach vacuolar H+ pyrophosphatase (VP2) gene regulates the establishment of an

electrochemical gradient across the tonoplast which provides the proton motive force for

sugar and organic acid transport by pumping protons into vacuoles. The sucrose

transporters (STP) are involved in uploading sucrose from the phloem and the

subsequent storage of soluble sugars in the vacuole via tonoplastic soluble STP (Etienne

et al., 2002). Inheritance of quality traits have been studied in fruits including

strawberry, peach, pear, tomato, peppers, kiwifruit, sugarcane and apricot (de Ancos et

al., 1999; Dirlewanger et al., 1999; Steyn et al., 2004; Yates et al., 2004; Huh et al.,

2001; Cheng et al., 2004 and Soriano et al., 2005. Most reports were of only moderate to

low heritability for the majority of traits analysed although Cheng et al. (2004) found

heritability traits in kiwifruit for male parents to be significant for all traits whereas

female heritability was only significant for quinic, citric, ascorbic and titratable acid.

Quality parameters are the end result of a number of biochemical pathways which

interact at various levels and are influenced to a greater or lesser extent by

environmental conditions. Understanding key steps in regulation and how variations

determine the intensity of individual quality traits will facilitate targeted breeding

strategies.

1.2.1   Sugar biosynthesis

The biological pathways involved in individual quality traits are extensive and any

polymorphisms detected here are likely to play an important part in quality differences

between individuals and indeed populations. Sugar compositions of many fruits are

similar with raspberry, strawberry and kiwifruit containing high levels of fructose and

glucose along with lower levels of sucrose. In addition to these, kiwifruit also contain

inositol while strawberries and raspberries contain xylose (de Ancos et al., 1999). The

lower levels of sucrose are attributed to enzymatic hydrolysis which occurs in fruit

following translocation from leaves (Wang and Zheng, 2005). Fructose is sweeter than

either glucose or sucrose and a higher content is a desirable trait (Liu et al., 2007). Of

particular interest in fruit quality is the biosynthesis of sucrose, involved in plant growth

and development (translocation and storage) but also implicated as a regulator of cellular
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metabolism (direct or indirect gene expression) (Huber and Huber, 1996). Studies have

confirmed roles for sucrose synthase (SuSy), sucrose phosphate synthase (SPS) and

invertase (Inv) in the transport of sugar between the cytosol and the vacuole (Huber and

Huber, 1996). SPS is active in both photosynthetic tissues and ripening fruit and the

gene has been cloned from maize, spinach, potato and rice with significant quantitative

differences being reported (Huber and Huber, 1996). Micallef et al. (1995) reported

increases in both fruit number and dry fruit weight in transgenic tomato plants

expressing increased SPS activity. A similar study of SuSy activity in tomato by

D’Aoust et al. (1999) found reductions in fruit set and overall fruit production in plants

with low SuSy levels. It was concluded that SuSy plays a central role in the sucrose

import capacity of young fruit contributing to the subsequent fruit set and development

potential of plants (D’Aoust et al., 1999).

In peach, Etienne et al. (2002) identified several candidate genes involved in sucrose

unloading in both the phloem and the cytosol: sucrose transporters (STP) and invertase

(Inv) and to a lesser extent hexokinase (Hk). Tonoplast intrinsic proteins (TIPs) are

members of the MIP family (major intrinsic proteins) which have been shown to act as

water channels expressed predominantly within storage tissues. As glucose is

accompanied by the transport of water, these genes are strong candidates for quantitative

differences relating to the storage and transport of sugar molecules (Martinoia et al.,

2000). Understanding the complexities of sugar uptake, accumulation and metabolism

gives a greater insight into the potential candidate genes which control these, the nature

of quantitative trait loci (QTL) which underly traits and may yield associated molecular

markers. The enzymatic pathways involved in the cleavage of sucrose in plants are

catalysed by invertase (hydrolase) in the form of sucrose + H20 = glucose + fructose, or

sucrose synthase (glycosyltransferase) sucrose + UDP = UDP-glucose + fructose (Figure

1.2). Invertase results in the formation of glucose (instead of UDP-glucose) which

produces twice as many hexoses giving invertase a greater capacity for sugar sensing

than sucrose synthase (Koch, 2004).
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Figure 1.2. Schematic representation of sucrose sensing and cleavage in plants. a)

Structural representation of the disaccharide sucrose. b) Invertase irreversibly cleaves

sucrose into glucose and fructose while sucrose synthase converts sucrose into UDP-

glucose and fructose in the presence of UDP. c) Different sensing mechanisms are

activated by hexose, sucrose and other metabolites downstream with the invertase

pathway producing twice as much substrate as the reversible sucrose synthase pathway.

(Figure adapted from Sturm and Tang, 1999; Koch, 2004).
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1.2.2   Organic acid biosynthesis

Fruit quality is dependent not only on total content of sugars but on a correlation

between individual sugars and acids. Wu et al. (2003) analysed 18 genotypic variations

in peach across two different environmental locations and found glucose and fructose

content were consistent between locations unlike sucrose, sorbitol and the acids which

were significantly different. The content of organic acids tend to be lower than sugar

levels in many fruit, with acids contributing to both flavour and mouthfeel (Liu et al.,

2007). Citric is the main acid in raspberry, present in smaller amounts are malic and

succinic acids with lower contents of isocitric and fumaric acids (Wang and Zheng,

2005). Citric and fumaric acids dominate in strawberry which have lower levels of

tartaric and shikimic acids (Sturm et al., 2003) while kiwifruit contains quinic, malic and

citric acids (Richardson et al., 2004). The balance between individual sugar and acid

compositions can be important for consumer acceptance of new cultivars. Tartaric acid

is deemed to have a stronger sour taste than malic acid which itself is stronger than citric

acid (de Bruyn et al., 1971; Wu et al., 2003). Liu et al. (2007) reported that the

syntheses of organic acids are controlled by single genes with both malic and tartaric

acid showing strong broad sense heritability.

High acid concentrations in fruit along with a low pH are critical for preservation of fruit

and also aid in the stabilisation of ascorbic acid and anthocyanins (Wang et al., 2009).

Several candidate genes for acid metabolism have been identified by Etienne et al.

(2002) and include malate dehydrogenase (Mdh) and phosphoenolpyruvate carboxylase

(PEPC) for malic acid synthesis while citrate synthase and the tricarboxylic acid cycle

(TCA) were identified for citric acid synthesis. Titratable acidity is used as a

measurement of the quantity of acid present in fruit or more accurately the total

concentration of H+ ions present free in solution and those still associated with anions

while pH measures only H+ ions which have dissociated and are free in solution (Lodish

et al., 1999). In fruit, titratable acid is generally high and then decreases as fruit ripens

and thus may be used as a quantitative measurement to following the ripening process

(Jennings, 1988).
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1.2.3 Colour biosynthesis in fruit

The pigments which colour most fruit are flavonoid secondary metabolites which are

composed of flavonols (colourless) and anthocyanins, polymeric phlobaphenes and

proanthocyanidins (coloured) (Koes et al., 2005). Following flavonoid synthesis in the

cytoplasm, anthocyanins and proanthocyanins are transported to the vacuole for

permanent storage. This transfer is facilitated by glutathione S-transferase (GST), and

the gene encoding GST has been identified in several plants including Petunia hybrida

(AN9 gene) (Mueller et al., 2000) and maize (Bz2 gene) (Alfenito et al., 1998).

Anthocyanins are vacuolar flavonoid compounds which contribute to aroma volatile

formation and are responsible for the colour pigmentation in plants. Other flavonoid

functions include auxin transport, male fertility and signalling during nodulation (Koes

et al., 2005).

1.2.3.1 Polyphenol biosynthesis

Phenolic compounds are secondary metabolites which are ubiquitous in all higher plants.

In berries, phenolics include flavonoids, phenolic acids, lignans, stilbenes and polymeric

tannins as shown in Figure 1.3 (Puupponen-Pimiä et al., 2005). Phenolics occur in plant

tissues as both simple substituted phenols, such as anthocyanins, or as complex

polymers such as ellagitannins of high molecular weight (Puupponen-Pimiä et al.,

2005). Phenolic compounds are key regulators of red colouration in apple while a further

requirement for the biosynthesis of red pigmentation is sunlight, with fruit always

shaded, e.g. inside the tree canopy, having insufficient anthocyanin content to develop

red colouration (Treutter, 2001). Fruits grown in conditions of strong nitrogen

fertilisation do not develop red pigmentation although shoot growth is increased

(Treutter, 2001). The quality of fruit juice is also affected by the presence of phenolic

compounds and this is attributed to the polymeric procyanidins (tannins). These

polymers have a high affinity to macromolecules including proteins and polysaccharides

and these interactions are responsible for the formation of hazes, precipitates and confer

bitterness and astringency to fruit juice quality (Treutter, 2001).
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Figure 1.3. Classification of the variations in polyphenols identified in berries. Phenolic compounds include flavonoids,

phenolic acids, lignans, stilbenes and polymeric tannins, diagram extracted from Puupponen-Pimiä et al. (2005).
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1.2.3.2 Anthocyanin biosynthesis

Anthocyanins are a form of secondary metabolites found in higher plants which

contribute to the red, purple, blue and violet colours found in flowers and fruit and are

used by consumers to judge fruit quality (Jennings, 1988; de Pascual-Teresa and

Sanchez-Ballesta, 2008).  Derived from the Greek term “Anthos” meaning flower and

“kianos” meaning blue, anthocyanins consist of anthocyanidins (aglycones) which are

bonded to a sugar moiety (Castañeda-Ovando et al., 2009). The anthocyanidin complex

contains a hydroxyl group at position 3 which, due to its instability, is seldom found in

its free form in fruit or vegetables. The anthocyanins however have an -O-sugar group at

position 3 which confer significantly greater stability (Furtado et al., 1993). It has been

proposed that anthocyanin biosynthesis in plants involves the addition of glucose to the

unstable colourless chalcone form of the 3-deoxyanthocyanidin to form the 3-

monoglucoside anthocyanin (Brouillard, 1982). This results in a stabilising effect on the

molecule by favouring ring closure to create the hemiacetal form that can rapidly take on

other stable equilibrium forms (Brouillard, 1982).

Belonging to the flavonoid group of polyphenols, anthocyanins have C6C3C6 skeletons

and consist of an aromatic ring (A) linked to a heterocyclic ring (C) containing oxygen

with a further carbon-carbon bond to a third aromatic ring (B) (Figure 1.4).

Anthocyanins are glycosylated polyhydroxy and polymethoxy derivatives of 2-

phenylbenzopyrylium (flavylium) cation (Brouillard, 1982). Of the 23 different

anthocyanidins most commonly identified to date only six are regularly found in fruit

and vegetables; cyanidin (50%), delphinidin (12%), pelargonidin (12%), peonidin

(12%), petunidin (7%) and malvidin (7%) (Castañeda-Ovando et al., 2009).

Anthocyanidins are structurally based on the single aromatic structure of cyanidin with

derivations arising as a result of the addition or subtraction of hydroxyl groups, the

degree of methylation of hydroxyl groups or through the nature, number and position of

sugars on the glycone as shown in Figure 1.4.
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Figure 1.4. Carbon skeleton showing the basic anthocyanin structure. The anthocyanin

skeleton consist of an aromatic ring (A) linked to a heterocyclic ring containing oxygen

(C) with a further carbon-carbon bond to a third aromatic ring (B).
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Anthocyanins can be classified depending on the number of glycosyl units they contain

and their relative position on the carbon rings. Monoglycosides comprise of a single

saccharide moiety, primarily attached to the 3-hydroxyl group of the glycone. In

diglycosides two monosaccharides are generally attached to the 3-hydroxyl and 5-

hydroxyl groups, occasionally to 3-hydroxyl and 7-hydroxyl group, but it is also

possible that two monosaccharides are attached to the 3-hydroxyl. In triglycosides the

monosaccharides are attached to the anthocyanidin with two sugar groups on the 3-

hydroxyl and one on either 5-hydroxyl or 7-hydroxyl group (Jennings, 1988; Wrolstad et

al., 2005; Castañeda-Ovando et al., 2009). The most abundant anthocyanins in red

raspberry are cyanidin 3-glucoside and cyanidin 3-sophoroside (de Ancos et al., 1999;

Mullen et al., 2002a; Kassim et al., 2009) (Figure 1.5).

Anthocyanin synthesis is dependent on many physiological and environmental factors as

well as fruit species and cultivar. Red colouration of fruit and flowers are assumed to be

the most primitive form of anthocyanins found (Castellarin and Di Gaspero, 2007). In

flowers, anthocyanins serve to attract pollinators, fruit skin attracts animals for seed

dispersal and anthocyanins also aid plants in the protection against harmful UV rays

(Holton and Cornish, 1995). Wild species of grape generate dark red coloured fruit and

it was proposed that white coloured grapes were the result of a mutation within the

anthocyanin biosynthetic pathway (Walker et al., 2007). A key gene, VvUFGT (Vitis

vinifera UDP-Glucose 3-O-flavonoid:glucosyltransferase) that acts late in the

biosynthetic pathway, is expressed at lower levels in white grapes than red (Walker et

al., 2007). Similar VvUFGT gene sequences suggested transcription differences.

Although all biosynthetic genes can be detected in fruit cultivars, it is genotype specific

regulation of genes along the core pathway and at the main branching points that are

thought to be responsible for quantitative variation in anthocyanin content (Castellarin

and Di Gaspero, 2007). Many genes in numerous biosynthetic pathways determine

colour variation. Synthesis of anthocyanins, procyanidins (tannins) and flavonols occurs

via the flavonoid branch of the phenylpropanoid pathway the primary precursor of

which is phenylalanine and the end product glycosides of cyanidin (Jeong et al., 2006).



17

Cyanidin 3-glucoside Cyanidin 3-sophoroside

Figure 1.5. Structure of two of the most common anthocyanins found in red raspberry.

The monoglycoside, cyanidin-3-glucoside, contains one glucose molecule attached to

the 3-hydroxyl position. The diglycoside, cyanidin 3-sophoroside has two glucose

molecules, both of which are attached to the 3-hydroxyl position.
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Intermediary steps are catalysed by many enzymes, several of which are critical in the

regulation of anthocyanins (Jeong et al., 2006; Castellarin and Di Gaspero, 2007). Genes

early in the pathway for the formation of dihydroflavonols encode phenylalanine

ammonia lyase (PAL), 4-coumarate CoA ligase (4CL), chalcone synthase (CHS),

chalcone isomerise (CHI) and flavanone 3-hydroxylase (F3H). Later genes for

anthocyanin formation and modification encode dihydroflavonol 4-reductase (DFR),

anthocyanin reductase (ANR), flavonoid 3’ and 3’ 5’-hydroxylase (F3’H and F3’5’H)

and glutathione S-transferase (GST) as shown in Figure 1.6 (Jeong et al., 2006).

In fruit cultivars genetically determined to produce red fruit, flavonoid synthesis is

directed towards anthocyanin formation, and less bound procyanidin is accumulated. It

is accepted that the synthesis of flavonoid end products are also regulated and this

phenomenon may be explained by precursor competition theory (Ju et al., 1997). The

precursor, dihydroquercetin for example, is sequestered by both leucocyanidin and

quercetin. If internal conditions favour synthesis of anthocyanins, such as during fruit

maturation, increased DFR activity will accelerate anthocyanin and bound procyanidin

formation while retarding quercetin synthesis (Ju et al., 1997).

1.2.3.2.1   Transcription factors involved in anthocyanin biosynthesis

Genes identified in the regulation of transcription complexes involved in anthocyanin

biosynthesis in grape include MYB, bHLH (basic helix loop helix) and WD40 factors

(Walker et al., 2007). WD40 proteins, belonging to the β-propeller family, facilitate

protein to protein interactions and form a surface to which similar groups, such as bHLH

and MYB proteins, can interact (Denisenko et al., 1998; Zhang et al., 2003). A mutation

found in two MYB alleles, in all white grape cultivars examined, suggested these genes

had been inactivated and anthocyanin biosynthesis rendered incomplete (Espley et al.,

2007). In apple, a MYB gene is associated with the regulation of structural anthocyanins

and proanthocyanidin genes, in the form of two repeat R2R3 domains (Espley et al.,

2007). In Arabidopsis thaliana, 126 R2R3 type MYB genes have been identified

(Stracke et al., 2001).
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Figure 1.6. Schematic representation of enzymes and intermediates in grape flavonoid

biosynthesis. Abbreviated names are as follows; CHS chalcone synthase, CHI chalcone

isomerise, F3’H flavonoid 3’-hydroxylase, F3’5’H flavonoid 3’5’-hydroxylase, FLS

flavonol synthase, DFR dihydroflavonol 4-reductase, LDOX leucoanthocyanin

dioxygenase, UFGT UDP-glucose:flavonoid 3-O-glucosyltransferase and ANR

anthocyanin reductase. Broken lines are flavonol products, dotted lines contain

proanthocyanins and the unbroken lines contain the anthocyanins, diagram extracted

from Jeong et al. (2006).
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The transcription factor bHLH, involved in several biological processes in plants

including anthocyanin biosynthesis, has been found to interact closely with R2R3 MYB

genes in anthocyanin regulation (Quattrocchio et al., 1998; Espley et al., 2007). Recent

work in apple has established that the efficient induction of anthocyanin production is

dependent on the co-expression of a MYB gene, MdMYB10, and two distinct bHLH

transcription factors MdbHLH3 and MdbHLH33 (Espley et al., 2007). Two MYB genes

mapped in apple and associated with red colouration are now available for marker

assisted selection and breeding (Allan et al., 2008) with colour differences between

individuals attributed to different expression levels of anthocyanin biosynthetic genes

and expression profiles (Espley et al., 2007). Such transcription factors bind to specific

regions in the promoters of certain biosynthetic structural genes, leading to the co-

ordinated production of anthocyanin pigments (Espley et al., 2007).

1.2.3.2.2 Co-pigmentation and anthocyanin stability

Co-pigments (such as flavonols) are often associated with anthocyanins, and have been

described as central to flower colouration (Davies and Mazza, 1993; Mazza and

Brouillard, 1990; Castañeda-Ovando et al., 2009).  Co-pigmentation is thought to offer a

stabilising effect on perceived pigment colouration while often inducing a blue shift in

visible colour (Nielsen et al., 2002). Several compounds may act as co-pigments

including flavonoids, alkaloids, amino acids, polysaccharides, metals, organic acids,

nucleotides and other anthocyanins (Castañeda-Ovando et al., 2009). Co-pigmentation

allows the formation of complex interactions between pigments and colourless

compounds which enhance colour intensity. Although co-pigments are often colourless

on their own, association with anthocyanins results in an interaction which produces a

hyperchromic effect (increase in absorbance) in the visible spectra as well as a

bathochromic shift (increased wavelength, max) along absorption spectra (Malien-

Aubert et al., 2001). Self-association, a special case of co-pigmentation, was first

identified in 1931, but not investigated in detail until 1972 (Asen et al., 1972). The

magnitude of the co-pigment effect in solution has been shown to be dependent on

several factors including the structure and amount of anthocyanin and co-pigment
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molecules as well as the pH, temperature and composition of the aqueous solvent

solution (Mazza and Brouillard, 1990).

1.2.4   Aquaporins and transport genes

Aquaporins are water channel proteins that transport water and small molecules across

cellular membranes which may also have a role in fruit colour. Plant membrane intrinsic

proteins (MIPs) play important roles in cell division, expansion and water transportation

in response to environmental conditions (Oliviusson et al., 2001). Members of the

aquaporin gene family can conduct water in the direction of an osmotic gradient in a

highly efficient and selective manner (Agre et al., 1993). Aquaporins also increase

membrane permeability of water across cell membranes. Aquaporins belong to a large

super family of MIPs: tonoplast intrinsic (TIPs), plasma intrinsic (PIPs), nodulin 26-like

intrinsic (NIPs) and small and basic intrinsic proteins (SIPs) (Figure 1.7; Maeshima and

Ishikawa, 2008). MIPs are likely to be regulated to allow cellular control of water influx

and efflux in plant responses to stress conditions and in particular dehydration (Smart et

al., 2001). In spinach, PIP phosphorylation was detected only under conditions of high

water potential (Smart et al., 2001). Johansson et al. (1996; 1998) concluded that

aquaporins were dephosphorylated and inactivated under dehydration conditions to

conserve cellular water, whereas Yamada et al. (1997) found aquaporin genes were

induced by dehydration increasing osmotic permeability and facilitating water flux. As

well as the conservation of water in environments of low water availability there are a

number of internal processes which require water transport. These include single cell

expansion and the osmoregulation and long distance transport of water and assimilate

(Oliviusson et al., 2001). Several assimilates have been associated as transport substrates

for aquaporins and these include urea, ammonia, glycerol and hydrogen peroxide via

TIPs, ammonia, urea, glycerol, boron, silicon, lactate and arsenite with NIPs and carbon

dioxide and urea associated with PIPS (Maeshima and Ishikawa, 2008).
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Figure 1.7. Schematic representation of plant aquaporins. Plasma intrinsic proteins

(PIPs) are found localised to plasma membranes; Tonoplast intrinsic proteins (TIPs)

within vacuolar and protein body membranes (including those pigmented); Small and

basic intrinsic proteins (SIPs) are found in endoplasmic reticulum (ER) membranes and

Nodulin 26-like intrinsic proteins (NIPs) within plasma and ER membranes (Figure

extracted from Maeshima and Ishikawa, 2008).
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1.2.5   Expansin and cell growth

For differentiated cells to fulfill their potential in cell shape and size, individual cell

walls are remodelled and shaped by means of cell turgor pressure achieved, in part, by

expansins (Rose et al., 1997; Cosgrove, 2000). Expansins are proteins which are

secreted by cell walls during growth unlocking networks of cell wall polysaccharides to

allow turgor driven cell enlargement (Figure 1.8). There have been at least 25 expansin

related genes identified in Arabidopsis thaliana (Cosgrove, 2000) while seven have been

reported in tomato (Brummell and Harpster, 2001). Plant cell walls give cells shape,

strength, rigidity, bond cells and act as barriers against pathogens and consist of

crystalline cellulose microfibrils embedded in a hydrophilic matrix of hemicelluloses

and pectins (Cosgrove, 2000). Expansins are associated with cell growth, cosequently

with the later stages of fruit ripening in tomato and strawberries delaying (when

expansin is silenced) or increasing (when overexpressed) fruit ripening (Cosgrove,

2000). An increase in cell wall bound protein found in raspberry fruit has, in part, been

attributed to expansin accumulation (Iannetta et al., 1998).
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Figure 1.8. Activity of expansin on cell wall loosening. Yellow and red strands denote

glycans which connect cellulose microfibrils (green) while blue graphics represent

expansin proteins. Figure a) shows expansin disrupting the bond between microfibrils

surface and glycans, Figure b) disrupts bonds between individual glycans and Figure c)

shows expansin displacing the wall polymers due to mechanical stress arising from

turgor (Figure extracted from Cosgrove, 2000).
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1.2.6   Fruit size and weight

Raspberries are an aggregate fruit composed of an aggregation of small drupelets

(around 80 to 90 per raspberry) held together around a central core by almost invisible

hairs (Jennings, 1988). Consumers often judge fruit based on a rapid visual assessment,

initially rejecting those over/under ripe (based on colour) or low quality (damaged,

crumbly or small fruit). Cellulase is associated with drupelet cohesiveness of raspberries

and activity increases during drupelet softening and is also connected with weakening of

abscission zones within drupelet stipes during fruit ripening (Sexton et al., 1997).

Quantitative differences in cellulase activity between cultivars could account for reduced

drupelet cohesion and hence smaller fruit production (Sexton et al., 1997). Drupelet

number, size and degree of cohesion are determined by fertility of parental material

influenced by genetics, chromosome number and presence of viral infections (Jennings,

1988). Fruit that lacks drupelet cohesion, resulting in a crumbling appearance when

picked, was shown to be caused by a genetic defect by Jennings (1967) who initially

observed a mutation present in a dominant allele identified in a heterozygote of cv.

Malling Jewel and to a lesser extent cv. Latham, the gene of which he linked to a

balanced lethal system. The lack of fertile pollen in individuals and retarded embryo sac

development was suggested by Daubeny et al. (1967) to be responsible for a crumbly

fruit phenotype in cv. Sumner clone (Ourecky, 1975).

A definitive value of drupelet cohesion is one which can be assessed and measured

within field trials, along with the overall size of fruits, considered individually or

collectively as ten berry weights. Several intrinsic processes involved in the transport of

solutes across vacuolar membranes impact on fruit metabolite concentrations of fruit,

making these ideal candidates for gene analysis. A single major QTL for fruit weight (fw

2.1) was identified in tomato chromosome 2, in close proximity to a cloned fruit weight

gene fw 2.2 (Frary et al., 2000; Zygier et al., 2005). Although potential benefits of QTL

analysis and molecular assisted breeding are clear for enhancement of individual quality

traits, to date results have been disappointing in regards to overall crop improvement,
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e.g. tomato soluble solid content could be enhanced but at a predicted cost of fruit yield

(Tanksley et al., 1996; Chen et al., 1999; Saliba-Colombani et al., 2001).

1.2.7 Sensory perception of flavour

Perception of flavour is a complex combination of gustatory (sweet, salty, bitter, sour

and umami taste), olfactory (sense of smell), visual, oral somatosensory (stimuli

detection between oral cues and sensory receptors), auditory and nociceptive (sensory

receptors which respond to pain) cues (Zampini et al., 2007). Enjoyment of food comes

from its visual appeal, smell and taste and also its texture, sound and mouthfeel

(Vickers, 1983, cited in Zampini et al., 2007). In strawberry, flavour volatiles consist of

over 100 constituents, the majority of which are generated during ripening from

non-volatile precursors such as amino acids and lipids and include acids, aldehydes,

ketones, alcohol, esters, lactones, phenols, terpenes and epoxides (Aharoni et al., 2004).

Terpenoids including C10 monoterpenes and C15 sesquiterpenes, have also been

identified at varying levels involved in the flavour profiles of most if not all soft fruit

analysed to date (Aharoni et al., 2004). In red raspberry, there have been more than 200

individual volatiles identified (Roberts and Acree, 1996) with 10 compounds highlighted

as important to raspberry aroma; 4-(2,6,6-trimethyl-2-cyclohexen-1-yl)-3-buten-2-one

(α-ionone), 4-(2,6,6-trimethyl-1-cyclohexen-1-yl)-3-buten-2-one (β-ionone), (Z)-3-

hexenol, (E)-3,7-dimethyl-2,6-octadien-1-ol (geraniol), 2,6-dimethyl-2,7-octadien-6-ol

(linalool), phenylmethanol (benzyl alcohol), 3-hydroxybutan-2-one (acetoin), ethanoic

acid (acetic), hexanoic acid and 4-(p-hydroxyphenyl)-2-butanone (raspberry ketone)

(Larsen et al., 1991; Klesk et al., 2004).

Studies on flavour perception in tomato have linked nutritional health benefits of food to

consumer preference, with essential long chain cis-polyunsaturated fatty acids

stimulating taste responses (Goff and Klee, 2006). Sensory assessments have been made

regarding the taste experience of various fruit acids (Pangborn, 1963; Liu et al., 2007).

Wu et al. (2003) found malic acid to have a stronger acidity than citric acid while quinic

acid was described as having a sour and bitter taste although more beneficial to health
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due to its antibacterial properties. Lopez et al. (2007) found the sour taste of wine to be

elicited by organic acid content which was influenced by pH. A study by Pangborn

(1963), however, reported no relationship between pH, total acidity and relative

sourness.

1.3   External influences on quality traits

Plant phenotype is controlled by three main factors: genotype, environment and their

interaction (Florez et al., 2009). Environmental variations in fruit phenolic biosynthesis

were reported in apple (Mayr et al., 1997) with a sixfold variation found in apple leaves

of the same genotype grown at different locations (Treutter, 2001). Fertilisation of the

soil in which fruit is grown can have a significant effect on the polyphenol

accumulation, both positively and negatively. Nitrogen stimulates plant growth and in

moderate supply, prior to fruit bloom, can favour polyphenol synthesis in grape. In

excess, nitrogen is associated with a delay in fruit ripening and poor fruit colouration

(Delgado et al., 2004) and may also interfere with metabolic routes involved in aroma

and flavour volatile synthesis (Ju et al., 1997; Delgado et al., 2004). Excessive growth

may also occur in high nitrogen environments and this can result in an increase in

vegetative growth which will compete with fruit for sugar and pigment translocation and

accumulation (Delgado et al., 2004). Anthocyanins and procyanidins may also appear

diluted in fruit with an increased berry size (Delgado et al., 2004). Potassium, indicative

of fruit quality, can increase colour and polyphenolic content by stimulating

photosynthetic activity which favours sugar translocation in fruit (Delgado et al., 2004).

This benefits phenolic compound synthesis during the ripening process in particular and

can be related to carbohydrate accumulation in grapes. A balance between nitrogen and

potassium content in soils for the production of quality fruit products is therefore

required (Ju et al., 1997; Delgado et al., 2004).

1.3.1 Environmental hydrogen ion content

The colour of anthocyanins expressed in nature is pH dependent. In acidic conditions

anthocyanins appear red, at neutral pH, they are violet and in basic conditions they are
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blue (Yawadio and Morita, 2007). The phenotype of an organism can vary depending on

the environment in which it is grown. One example is the Hydrangea flowering plant

which may alter colour of the sepals produced depending on soil pH (Toyama-Kato et

al., 2003). pH values have also been found to determine the relative nucleophilic and

electrophilic character of anthocyanins and flavonols affecting their reactivity and thus

colour stability (de Freitas and Mateus, 2006).

1.3.2 Light impact on flavonoid synthesis

Light has an essential role in the synthesis of polyphenol compounds. Ju et al. (1995a)

reported on a study in which 30 apple fruits per tree were enclosed in light-excluding

bags (double layered paper bags with a wax coating) 40 days after full bloom (DAFB).

Half of the fruit had the bags removed 110 DAFB and the remaining 15 were removed

130 DAFB at harvesting. The latter were found to contain only trace amounts of

flavonoids, low levels of chalcone synthase and no anthocyanin activity was detected.

The initial fruits harvested 20 days after bag removal (110 DAFB), however, had

equivalent anthocyanin content as unbagged control fruit harvested from the same tree

and chalcone synthase and flavonoid synthesis levels were significant (Ju et al., 1995b).

Chalcone synthase is the initial enzyme in the flavonoid biosynthesis pathway,

responsible for the establishment of the flavonoid compound C15 skeleton. Fruit

bagging completely inhibited dihydroflavonol reductase (DFR) gene expression and

flavonoid accumulation (Ju et al., 1997). Light intensity has also been shown to have a

profound effect on the anthocyanin accumulation found in apple fruit with peel exposed

to sunlight containing twice as much anthocyanin as that which has been shaded

throughout fruit maturation. Flavonoid accumulation and chalcone synthase activity

however were not affected by light exposure (Ju et al., 1997). Ju et al. (1999) reported

an increase in anthocyanins detected in apple peel following the application of metal foil

to the orchard floor which enhanced light penetration into the canopies. Position of the

fruit on the bush is also a factor in anthocyanin accumulation with those found in the

shade and subjected to less sunlight throughout development showing a decrease in

anthocyanin content compared with those exposed to sunlight on the same bush (de



29

Pascual-Teresa and Sanchez-Ballesta, 2008). In several apple and grape varieties,

covering developing fruit after flowering was found to have little effect on the

anthocyanin accumulation. This treatment did, however, reduce the individual content of

delphinidin, cyanidin, petunidin and malvidin while increasing the peonidin glucosides

(Gao and Cahoon, 1994; Cortell and Kennedy, 2006)

1.3.3 Temperature and flavonoid synthesis

The stability of anthocyanins can be adversely affected by temperature with degradation

observed during processing and storage and this is exacerbated by ambient temperature

rises (Adams, 1973; Robbins and Moore, 1990). The degradation of anthocyanins occurs

as the result of losing glycosyl moieties caused by the hydrolysis of glycosidic bonds

(Adams, 1973). The loss of the glycosyl moieties results in an unstable aglycone

formation and a further loss of anthocyanin colour. Thermal degradation results in the

appearance of brown patches within fruit which is enhanced by the presence of oxygen.

It is believed that chalcone formation is the first step involved in thermal degradation

(Markakis et al., 1957; Adams, 1973).

Low temperature, however, can have a positive effect on colouration including the

formation of anthocyanins during sub-ambient storage of fresh fruit. Kalt et al. (1999)

reported an increase in anthocyanin accumulation in strawberry and raspberry fruit

which had been stored at 0oC for eight days. Exposure to low temperatures can have

several effects on the internal mechanism of plant cells including membrane fluidity and

enzyme kinetics (Christie et al., 1994). This leads to other cellular processes becoming

affected such as photosynthesis, respiration and cell transport (Christie et al., 1994).

Temperature effects on fruit anthocyanin biosynthesis are thought to be dependent on

the stage of ripening, particularly in response to changes in phenylalanine ammonia

lyase (PAL) synthesis (Faragher, 1983). Li et al. (2004) recorded rapid anthocyanin

accumulation in the skin of two apple varieties grown in cool conditions compared to the

same varieties grown in warmer sites. Micro-sprinkler irrigation to cool apples during
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warmer conditions was also found to increase the red coloration and anthocyanin content

and was most effective when applied during sunset and sunrise (Iglesias et al., 2002).

1.4 Conventional breeding in red raspberry

Breeding methods in raspberry have remained similar over the last 40 years with little in

the way of novel germplasm being introduced into commercial cultivars. As the genetic

diversity of current cultivars is reduced, as a result of domestication, and retail demands

for new cultivars increase, it becomes evident that new breeding strategies must be

employed (Graham and Jennings, 2009). Domestication of red raspberry has seen a

reduction in both morphological and genetic diversity with many modern cultivars being

genetically similar (Graham and McNicol, 1995). As a general rule, breeders use a

darker fruited clone as the seed parent and a lighter fruited clone as the pollen parent in

order to secure seed set (Ourecky, 1975). ‘Glen Moy’ and ‘Glen Prosen’ were the first

spine-free raspberries released by the Scottish Crop Research Institute in 1981. ‘Glen

Moy’ is an early fruiting alternative to ‘Glen Clova’ (released in 1970) with notable

improvements in fruit size and flavour. The development and introduction of new

varieties can take between 8 and 15 years due to the highly heterozygous nature of this

perennial fruit crop and even then screening for selected quality traits is problematic due

to the limited resources breeders have available (Graham et al., 2004). Conventional

breeding begins with an initial cross of cultivars with different genetic characteristics,

which results in a large number of progeny (typically 10,000 seedlings) which require

phenotypic evaluation. The characteristics discarded at the first evaluation stage are

seedlings with spiny phenotypes and those susceptible to aphids. At this stage around

5000 seedlings remain which are then propagated prior to a two year field trial. The

characteristics taken into account during field trials are the fruit size, shape, firmness,

flavour and shelf life, after which around 50 plants remain. Further propagation,

replication and field trials follow to test for characters such as resistance to pests and

diseases and fruit yield compared with standard cultivars of ‘Glen Ample’ and

‘Tulameen’. Only after rigorous field trials and cultivar evaluations is a new cultivar

considered for commercial release (N. Jennings, personal communications, Figure 1.9).
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Raspberry breeding programme

Figure 1.9. Raspberry breeding schedule as described by the Scottish Crop Research

Institute. Conventional raspberry breeding begins with the crossing of a selection of

parental cultivars with different genetic characteristics which results in a large number

of progeny (typically 10,000 seedlings) requiring phenotypic evaluations. Around 5000

seedlings remain which are then propagated prior to a further two year field trial which

often results in only 50 potential new cultivars remaining. Propagation, replication and

field trials follow, reducing numbers further, before a new cultivar with superior

agronomic characteristics can be considered for commercial release.
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The evaluation of large populations of seedlings has brought improvements in current

breeding stock. The primary objectives in raspberry breeding have remained unchanged

over the years. The core objectives are high quality fruit, flavour, appearance (colour,

brightness, size and shape), good yield and shelf life, increased pathogen resistance and

fruit which are suitably adapted to the local environment (Ourecky, 1975; Jennings,

1988; Graham and Woodhead, 2009). Genetic resistance to many pests and diseases

through plant breeding is a feasible strategy for raspberry cultivars for successful

commercial production. This requires identifying resistance genes present in wild and

domesticated varieties as well as key genes and chromosomal regions that underpin

quality characteristics.

1.5 Marker assisted breeding in red raspberry

Marker assisted breeding strategies are a non-controversial means for developing high

quality cultivars with selected agronomic traits. Conventional breeding relies on

phenotypic selection that has strict limitations particularly when analysing complex

physiological traits influenced by the environment (Graham et al., 2007). The speed and

precision of breeding in red raspberry can be improved with molecular tools including

genetic linkage maps and developing associations between specific traits and a candidate

gene or a genetic marker. Markers can be found to occupy specific genomic positions

within chromosomes which are referred to as loci (locus, singular) (Collard et al., 2005).

Genetic markers can be categorised depending on their association with the genes with

which they are linked to and include:

 Morphological markers, which influence phenotypic traits such as fruit colour

and shape.

 Biochemical markers, which are allelic variations of an enzyme (isozyme).

 Molecular (DNA) markers, which disclose actual sites of DNA variation.
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1.5.1   Morphological markers

Mendelian markers are associated with a physical qualitative characteristic identified in

an individual which can be assessed visually. Morphological markers can be either

dominant or recessive and are often associated with an undesirable trait such as

dwarfism or altered morphology. The constraints of such markers, however, include the

masking of minor gene effects due to large phenotypic effects and they are also highly

influenced by the environment. This makes it inappropriate to compare morphological

data collected from varieties grown in different environments or seasons. Performing

breeding experiments using these markers alone can also be time consuming and labour

intensive as large populations are required for accurate analysis (Chawla, 2002).

1.5.2   Biochemical markers

Biochemical markers include protein differences emerging from gene expression.

Isozymes are an example of a biochemical marker which have been utilised in plant

breeding and these are composed of different molecular forms of the same enzyme

(Chawla, 2002). Biochemical markers are not influenced by the environment and are

therefore more easily transferable between cultivars grown over separate seasons or

environments. Constraints, however, exist as isozymes do not exhibit high levels of

polymorphism and are therefore difficult to use as markers in genetically similar

cultivars. Chromatographical analysis of flavonoid components from raspberry leaf

extracts (Haskell and Garrie, 1966) have been used to identify genotypic variations

between cultivars but with limited success with only one variety out of seven being

readily identified (Antonius-Klemola, 1999).

1.5.3 Molecular markers

Molecular markers are DNA sequences located in close proximity to genes and loci of

phenotypic interest. This co-location of markers with traits allows for selective breeding

and identification of progeny with desirable characteristics (Graham et al., 2007). The

identification of polymorphisms, which may be single nucleotide variations, insertions,

deletions or repeat sequence length variations, provides information on a particular
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genomic locus which may subsequently associate with a particular plant phenotype. The

variations in plant phenotypes related to molecular markers can then be located onto a

genetic linkage map which can be screened rapidly in a molecular assisted breeding

strategy. Molecular markers allow the identification and selection of genotypes

combining specific quality characteristics long before the traits are phenotypically

expressed (Dirlewanger et al., 1998). Molecular markers indicate the genomic location

of specific genes, traits and alleles and offer the possibility of plant selection at a

juvenile stage from an early generation, and unfavourable alleles can be eliminated or

reduced (Korzun, 2002). Analysing DNA sequences by means of amplified fragment

length polymorphisms (AFLP), restriction fragment length polymorphisms (RFLP) and

microsatellite technology can also lead to the identification of specific short sequences

(molecular markers) which associate with the trait of interest in a significant manner.

Molecular markers, developed in the 1980s, led to the characterisation and selection

potential of quantitative trait loci becoming recognised as well as being integrated

directly in the construction of linkage maps (Collard et al., 2005). RFLPs were one of

the first molecular markers to be used in the construction of genetic maps and QTL

identification (Botstein et al., 1980; Lander and Botstein, 1989). This marker system

utilises restriction endonucleases which cut the DNA samples into distinct fragments.

The resultant fragments are then separated through an agarose matrix according to their

mass. Although RFLPs are robust, large amounts of DNA are required and it is a time

consuming technique (Chawla, 2002). The introduction of polymerase chain reaction

(PCR) technology revolutionised molecular genetics: markers which followed included

random amplified polymorphic DNA (RAPD), microsatellites and single nucleotide

polymorphisms (SNPs). All of which were found to be cheaper and safer alternatives to

previous hybridisation strategies with a greater number of markers identified per unit of

DNA analysed (Westman and Kresovich, 1999; Kearsey and Farquhar, 1998). It is the

subsequent identification of variations within candidate genes or molecular markers

inherited by individuals which make successful molecular assisted breeding a reality.
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1.5.4 Genetic linkage maps

The discovery of genetic linkage was attributed to the British geneticist William Bateson

in 1909 (Harper, 2005). The first linkage map produced in Rubus was accredited to

Lewis in 1939 and 1940 (Graham and Woodhead, 2009). Formed as a result of linkage

analysis based on fruit and leaf architecture, this early work has led to the elucidation of

many more important genes related to both fruit quality and disease resistance (for

review see Graham and Woodhead, 2009).

Specific chromosomal regions relating to both simple Mendelian traits (single gene) and

quantitative traits (under multiple gene control) can be identified by means of a linkage

map (Collard et al., 2005). This allows the frequency of inherited sequences to be

visualised as an indication of the relative distance between two DNA sequences on a

genetic map. The higher this recombination frequency is, the less likely the two markers

or genes will be inherited together. By selectively screening for the presence of specific

genes within potential breeding cultivars, the possibility of linking genotype to

phenotype for selected traits becomes more of a reality. This molecular technology has

been employed in several commercial species including cherry, sugarcane, apple, melon,

peach and tomato in the identification of QTLs and candidate genes relating to fruit

quality and size (Cristosto et al., 2002; Soriano et al., 2005; Kenis et al., 2008; Monforte

et al., 2004; Dirlewanger et al., 1999 and Frary et al., 2000). To construct a genetic

linkage map a segregating population must first be created by crossing genetically

diverse parents which are known to segregate for the trait(s) of interest (Goodenough,

1984). The segregating population can then be scored in order to determine the

recombination rate of alleles present at each locus. This allows loci to be ordered onto

the linkage map and the relative distance between loci can be expressed in terms of

recombination units. One percent recombination is equal to one centiMorgan (cM) map

distance (Goodenough, 1984). Once sufficient markers have been mapped, linkage

group numbers should equal the chromosome haploid number, which in the case of red

raspberries is seven (for review see Graham et al., 2007). Linkage maps have been

constructed in other soft fruit species including strawberry and blueberry both of which
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were based on RAPD markers (Rowland and Levi, 1994; Davis and Yu, 1997; Qu and

Hancock, 1997). Other maps from the Rosaceae family have also been constructed and

utilised and these include Prunus (Dirlewanger et al., 1998) and Malus (Hemmat et al.,

1994).

1.5.5 Quantitative trait loci

Quantitative trait loci (QTL) analysis is the study of genetic variation, location of genes

and exploration of gene effects and interactions (Kearsey, 1998). Initially known as

polygenes (Mather, 1949, as cited by Kearsey, 1998) molecular marker technology

allowed genes controlling specific traits to be associated with regions of linkage groups

or chromosomes (Kearsey, 1998). Qualitative genes that undergo Mendelian segregation

generally have a recessive non-functional or very dysfunctional allele which results in a

clear phenotype (Kearsey, 1998). Quantitative variation occurs as a result of allelic

differences found within structural or regulatory genes that cause an alteration in gene

function and hence produce a smaller phenotypic effect (Kearsey, 1998). Studies in fruit

plants where continuous traits have been mapped by means of QTL analysis allowed the

identification of genomic locations and genes that underlie genetic or phenotypic

variation. Dirlewanger et al. (1999) mapped QTLs for peach quality including fruit

weight, acidity and soluble solids content. Although fruit colour was correlated

significantly with other quality traits no QTL was detected.

Quantitative traits controlled by multiple genes, such as disease resistance and quality

(Collard et al., 2005), can be linked to specific regions within a genome and the

availability of molecular markers and linkage maps allows the dissection of complex,

polygenic traits into QTLs (Lander and Botstein, 1989; Liebhard et al., 2003). Several

QTLs related to fruit development traits, flowering time, time to ripe fruit and fruit

quality have been successfully mapped (Conner et al., 1998; King et al., 2001; Graham

et al., 2009). One study in tomato identified 81 significant QTLs for 26 quality traits,

including total soluble solids (TSS), fruit weight, colour, volatiles and sugar content

(Saliba-Colombani et al., 2001). Three QTLs were found to control TSS content, two in
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the same linkage group (chromosome 2) where QTLs for dry matter weight were

located. Three QTLs for colour showed close associations with fruit weight and

dimension and titratable acids (Saliba-Colombani et al., 2001).

1.5.6 Candidate gene identification

A candidate gene is a gene which is located on a specific chromosomal region suspected

of being involved in the expression of a particular trait (de Vienne et al., 1999). The

identification of candidate genes may result from the association of a specific phenotype

or by linkage analysis to a target region of the genome. Genes may be functionally

related to the trait of interest, as selected on the basis of previous functional or genetic

hypothesis, where subsequent allelic polymorphisms within the gene may prove to

account for individual phenotypic variability (Pflieger et al., 2001). The working

hypothesis, for this approach, assumes that the presence of a molecular polymorphism

within a candidate gene is therefore related to the phenotypic variation (Pflieger et al.,

2001). An assumption made on the biological function of a specific gene of interest

facilitates the candidate gene approach for identifying genes governing traits of

agronomic importance (Pflieger et al., 2001). One approach to the identification of

candidate genes for QTL analyses and mapping in raspberry is through the construction

and sequencing of fruit expressed sequence tag (EST) libraries which represent

expressed genes from various developmental stages. An alternative source is the large

insert genomic library constructed in Rubus which consists of a (publicly available)

bacterial artificial clone (BAC) library, with coverage six to seven times the genome

equivalent, consisting of >15,000 clones with an average insert size of 130 kb (Hein et

al., 2005).

1.5.6.1 Candidate gene functions

Several candidate genes and QTLs for fruit quality have been reported (Etienne et al.,

2002; Maeshima and Ishikawa, 2008) and these include tonoplast intrinsic proteins

(TIP), vacuolar H+ pyrophosphatase (VP2) and sucrose transporters (STP). The

candidate gene approach is thus a strategy for the study of quality traits in fruit,
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emerging from a complex combination of biological and genetic factors, the full nature

of which remains unclear (Dirlewanger et al., 1999). Etienne et al. (2002) isolated ESTs

for 12 candidate genes involved in phloem uploading of sucrose, sugar and organic acid

metabolism, solute accumulation into the vacuole, and cell expansion. All 12 genes were

mapped onto four peach linkage groups. The candidate genes involved in trait variation

may be either structural or regulatory in the expression of genes found in biological

pathways which regulate and influence fruit quality.

1.5.6.2 Structural and regulatory genes

The products of structural genes are enzymes in metabolic pathways regulated under

negative control, transcribed until “turned off” by a regulatory protein (repressor), and/or

positive control whereby expression must be “turned on” by a regulatory protein

(activator) (Busby, 1999). Activator proteins act by binding to the chromosome effecting

an increase in the transcription of an adjacent gene, repressor proteins by binding to an

operator or promoter preventing RNA polymerase from transcribing RNA (Busby,

1999). Relevant structural genes in raspberries include chalcone synthase (CHS), 4-

coumarate CoA ligase (4CL), chalcone isomerase (CHI), flavonoid 3’-hydroxylase

(F3’H) and dihydroflavonol 4-reductase (DFR) (Holton and Cornish, 1995; Gong et al.,

1997).

A plethora of regulatory genes have been recognised in the regulation of traits such as

pigment synthesis showing a complex network of genes are linked to seemingly

unrelated pathways such as hair development (Koes et al., 2005). The regulation of the

flavonoid pathway is primarily at the level of transcription of structural genes that

encode enzymes for each subsequent step. Two families of regulatory proteins, bHLH

(regulating pigment formation) and MYB (chalcone synthase expression) are conserved

in anthocyanin regulation in all plants to date (Koes et al., 2005; Takos et al., 2006).

bHLH proteins contain overlapping regulatory targets (Zhang et al., 2003; Hartmann et

al., 2005; Takos et al., 2006) whereas MYB proteins provide specificity for individual

gene activation (Takos et al., 2006). Knowledge of the physiological pathways involved
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in the uptake and regulation of sugars and organic acids, as well as colour, is an

important area of research as in order to improve fruit quality the underlying control

processes must first be identified.

1.6 Pests and diseases of red raspberry

The development of new raspberry cultivars is a long and challenging process with

breeders faced with increasing demands from consumers to produce high quality

aromatic fruits while growers require pest and disease resistant varieties capable of

utilising the extended growing season. Many pests and pathogens can affect red

raspberries and these include viruses, fungal diseases, aphids and beetles (reviewed by

Gordon et al., 2006a). Viruses are a particularly serious problem as an infected plant is

unlikely to recover and future propagules will also be infected (Ourecky, 1975).

1.6.1   Phytophthora fragariae

A significant proportion of British raspberries are lost to disease each year with

outbreaks of Phytophthora fragariae (root rot) proving particularly devastating in

susceptible crops (Pattison and Samuelian, 2002). Phytophthora is a soil borne fungus

which can produce viable resting spores which remain infective within the soil for many

years following initial infection (Daubeny, 2002). Considerable attention has focused

upon identifying markers associated with resistance with an ultimate goal of identifying

the actual genes involved (Valois et al., 1996; Daubeny, 2002; Kempler et al., 2005;

Pattison and Samuelian, 2007) while BAC clones spanning a particular QTL of interest

relating to root rot resistance are currently being sequenced (J. Graham, personal

communication). Current root rot resistant cultivars lack acceptable quality and or yield

but through molecular assisted breeding techniques, genetic resistance, found in

cultivars derived from R. idaeus var. strigosus and to a lesser extent R. idaeus var.

vulgatus, could be combined with desirable quality traits (Graham et al., 2007). Genetic

resistance through breeding offers a feasible method for control, alhough ensuring

planting material is free from the disease is also very important as it is unlikely that the
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pathogen will be found in soil which raspberries have not been previously grown

(Graham and Jennings, 2009).

1.6.2   Amphorophora idaei

Aphids (Amphorophora idaei) are particularly damaging arthropod pests affecting

raspberries as these feed directly on susceptible cultivars and act as vectors for the

transmission of viruses (Gordon et al., 2006a; 2006b) including: Raspberry leaf mottle

virus (RLMV), Raspberry leaf spot virus (RLSV), Black raspberry necrosis virus

(BRNV) and Rubus yellow net virus (RYNV) (Sargent et al., 2007). Although varieties

can be bred which confer resistance to raspberry aphids, reducing the requirement for

pesticide use, it has been found over the years that such resistance genes have been

broken down by aphid evolution (Sargent et al., 2007). The identification of new sources

of resistance from both wild and domesticated cultivars must therefore remain ongoing.

1.6.3   Raspberry bushy dwarf virus

Raspberry bushy dwarf virus (RBDV) is a pollen borne virus which infects susceptible

plants reducing fruit yield and causing crumbly unattractive fruit phenotypes (Murant et

al., 1974). While resistant varieties exist, these are often found to exhibit inferior

agronomic traits. Foliar symptoms may also be present in plants containing RBDV

which range from no obvious symptoms to bright yellow chlorosis and in some cases

stunted plant growth (Murant et al., 1974). Plants pollinated by infected pollen are often

found to produce crumbly fruit, many with a large proportion of aborted drupelets.

1.6.4   Botrytis cinerea

Fungal infections in raspberry result in severe fruit loss both mid season and post

harvest, particularly when environmental conditions are wet and warm. Infections by

Botrytis cinerea are difficult to control due to the multiple sites of infection and, as yet,

no strongly resistant cultivars are available (Graham and Woodhead, 2009). Studies have

progressed, however, in the identification and mapping of resistance to raspberry cane



41

botrytis, which has been mapped in association with Gene H (Graham et al., 2006;

Graham and Jennings, 2009).

1.6.5   Byturus tomentosus

Another major pest is the raspberry beetle (Byturus tomentosus) which causes damage in

two distinct forms. Firstly adult beetles feed on buds and flowers during early summer

and secondly larvae are deposited on developing fruit drupelets causing contaminated

and discoloured fruit (Griffiths et al., 2000). Although a greater understanding of the

genetics controlling specific disease resistance is now developing, the mechanics behind

fruit quality, which is perceived as the primary factor behind successful market

production, still remains relatively difficult to accurately predict.

1.7   Health attributes from fresh fruit

Raspberry is a high value horticultural crop, interest in which is expanding due to

benefits associated with human health. A growing body of evidence has suggested a

positive correlation between diets which are rich in fruit and vegetables and a reduction

in chronic diseases such as cardiovascular disease, breast cancer (Ingram et al., 1997),

prostate cancer and immune dysfunctions (Giovanucci et al., 1995). Beneficial effects

are attributed to the content of vitamins, minerals and secondary phytochemicals such as

carotenoids, anthocyanins, flavonoids and other phenolic compounds (Luthria et al.,

2006). Initially consumed for medicinal purposes (Jennings, 1988), interest is focused

once more on the health benefits of raspberries with the identification of antioxidants

conferring protective qualities in a variety of human ailments including cardiovascular

disease and epithelial cancers (Deighton et al., 2000; Moyer et al., 2002). Anthocyanins

have pharmaceutical effects in humans specifically inhibiting proliferation of colon and

breast carcinoma cells (Olsson et al., 2004), while demonstrating excellent anti-

inflammatory and antimicrobial properties (Wang et al., 1999; Liu et al., 2002). Regular

consumption of raspberry anthocyanins is also believed to improve cognitive brain

functions and age-related degeneration of eye-sight (Liu et al., 2002; Stone et al., 2007).

Kahnau (1976) estimated American diets had an intake of approximately 215 mg/day of
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anthocyanins in the summer which fell to 180 mg/day during the winter. Wu et al.

(2006) estimated the actual intake of anthocyanins in Americans to be a rather modest

12 mg/day while Chun et al. (2007) estimated the intake to be 3 mg/day. In 1996 a study

of Italians suggested anthocyanin consumption varied between 25 and 215 mg/day, the

largest intake of which was from red wine (Bridle and Timberlake, 1996). This

phenomenon has also been reported in the French population and was thus termed the

French Paradox (Kaur and Kapoor, 2001). Finland however has an average diet

containing 82 mg/day of anthocyanins and this is attributed to government promotion for

a diet rich in fruit and berries (Heinonen, 2001).

While incontrovertible evidence suggests an array of health benefits from the

consumption of fruit and vegetables, it remains unclear whether these are from

anthocyanins alone or as a result of synergistic interactions between a number of

phenolic compounds (Konczak and Zhang, 2004). Questions remain on the

bioavailability of anthocyanins following consumption, with many reports observing

less than 1% detectable in human plasma and urine (Matsumoto et al., 2001; McGhie

and Walton, 2007). While health protective qualities of anthocyanin in vitro are certainly

clear and encouraging, the biological activity displayed in vivo remains somewhat

inconclusive.

1.7.1 Antioxidants

Anthocyanins have powerful antioxidant action whereby single electrons or hydrogen

atoms can be donated to reactive free radicals produced by UV light or as a result of

metabolic processes. Raspberries are known to have a high free radical scavenging

capacity and contain several compounds which elicit protective properties in vitro and in

vivo. Most notable are the ellagitannins, which on hydrolysis release ellagic acid,

reported to contain antiviral activity as well as conferring protection against colon, lung

and oesophageal cancers (Mullen et al., 2002a). The ellagitannin lambertianin C and

sanguiin H6 are also responsible for the vasodilation of aortic vessels in rabbit (Mullen

et al., 2002a; 2002b). Key free radicals, highly unstable molecules often derived from
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oxygen, include superoxide (O2¯), peroxyl (ROO¯) and hydroperoxyl (HOO¯) (Kaur

and Kapoor, 2001). Free radicals are destructive in the body, removing electrons

required to regain their own stability thus rendering the “donor” compound a free radical

(Kaur and Kapoor, 2001). Antioxidants, however, can neutralise free radicals by

donation of one electron, as these compounds remain stable in either form (Kaur and

Kapoor, 2001). This protective antioxidant action can be transferred to humans

following consumption of anthocyanin rich food such as raspberries (Deighton et al.,

2000). Antioxidants found in fruit extracts can inhibit blood oxidation of low density

lipoproteins preventing plaque formation within arteries reducing the incidence of heart

attacks (Verlangieri et al., 1985 as cited by Wang and Lin, 2000). Antioxidants are also

important food preservatives reducing food oxidation, retarding deterioration, rancidity

and food discolouration (Kaur and Kapoor, 2001).

1.7.2 Ascorbate biosynthesis

Ascorbic acid (vitamin C) is an important compound in plants with three main roles:

acting as an antioxidant in plants, preventing oxidative stress and plant development and

hormone signalling (Stevens et al., 2007). Fry (1998) suggesed that ascorbic acid may

also be involved in the loosening of cell walls during cell expansion and fruit ripening.

The ascorbic acid biosynthetic pathway (Figure 1.10) has many essential enzymes

characterised in Arabidopsis (Conklin et al., 2000), strawberry (Agius et al., 2003) and

tomato (Stevens et al., 2007) including L-galactose dehydrogenase that acts by

catalyzing the oxidation of L-galactose to L-galactono-1, 4-lactone  the penultimate step

in ascorbate synthesis in plants (Wheeler et al., 1998; Laing et al., 2004).
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Figure 1.10. Schematic representation of ascorbic acid synthesis. There are six steps

involved in the initial conversion of glucose to GDP-D-mannose and GDP-L-galactose

which are the precursors for protein glycosylation and cell wall biosynthesis. Following

glucose conversion to GDP-mannose the first committed step for L-ascorbic acid

synthesis is the conversion of GDP-L-galactose to L-galactose-1-P. The L-galactose,

which is produced from L-galactose-1-P, is then oxidised by the action of L-galactose

dehydrogenase to produce L-galactono-1, 4-lactone which is then converted to L-

ascorbic acid by the action of L-galactono-1,4-lactone dehydrogenase (Figure extracted

from Linster et al., 2007).
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1.8 Aims of this study

In soft fruit, quality has been shown to be a complex and highly regulated series of

changes influenced by both internal and external factors. In order to sustain the

development of high quality fresh raspberry production in the UK it is evident that new

approaches must be adopted.

The purpose of this study was to contribute to a marker assisted breeding programme for

the production of new, high quality raspberry cultivars, which can utilise British

growing seasons and strategies. This was achieved by developing a number of different

approaches aimed at phenotypic analysis of a segregating population over three

environmental sites and seasons to define genotypic and environmental influences

(Chapter 3).

Understanding the biochemical pathways determining key fruit characteristics, as well as

transcription factors that regulate gene expression, will allow a candidate gene approach

to be applied to trait mapping. This strategy will lead to the identification of markers,

chromosomal loci and ultimately the genes responsible for a large percentage of trait

phenotypic variation providing a basis for molecular assisted breeding programmes

(Chapter 4).

The collection of replicated trait data will allow information to be linked with genetic

markers, candidate genes and regions of quantitative trait loci on the evolving raspberry

genetic linkage map for quality to ensure new varieties have specific sensory characters

and quality parameters. The resultant genes or markers underlying QTLs will then

undergo validation in a wider genetic background in order to confirm their stability and

hence transferability prior to utilising this information in a marker assisted breeding

strategy (Chapter 5).
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Chapter 2 Materials and methods

2.1 Materials and methods for phenotypic analysis (Chapter 3)

2.1.1   Mapping population

The mapping population consists of a full-sib family of 320 progeny derived from a

cross between the European cv. Glen Moy and the North American cv. Latham. This

population was planted in randomised complete block trials consisting of one open field

site and two protected sites. The open field site at SCRI, Dundee, UK, planted in 2002

consisted of three replicates and two clones of each plant, a protected cultivation site at

SCRI, planted in 2005 with three replicates of each plant and a protected cultivation site

on a commercial farm, T. Thomson Ltd, Blairgowrie, UK, planted in 2006 with one

replicate of each plant. This gave a total of 10 plants replicated per individual genotype

across all three sites analysed. For the purpose of phenotypic and genotypic analysis,

188 individuals (from the original 320 full-sib family) used in the construction of a

genetic linkage map by Graham et al. (2004; 2006; 2009), were used in this study.

2.1.1.1   SCRI open field

Covering approximately 0.60 hectares, the open field site at SCRI, comprised 18 rows

with 120 plants per row. The alleyways between rows were grassed with a distance of

2.5 metres between each row. Fertigation and irrigation were carried out as necessary

depending on seasonal requirements.

2.1.1.2   SCRI protected site

One hectare of Haygrove SMART series polytunnels were constructed at SCRI in 2005

to evaluate germplasm under a protected cropping system.  The 100 m × 100 m Spanish-

style, multi-bay tunnel consisted of 13 bays, spanning 7.8 m, built on 2 m legs. Tunnels

were covered with standard 150 μm Visqueen polythene. Raspberry tunnels had three

rows per bay, 2.5 m between rows with a 2.8 m leg row. Alleyways were grassed and leg

rows covered with UV-stable fabric mulch (Phormasol) to control weeds. The plants

were covered once the fruit reached the green/white stage of development (early to mid
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June) and remained so until the end of harvesting. Tunnels were vented by raising the

polythene sides as required, normally when the temperature outside reached 25oC.

Irrigation and fertigation was controlled by D8 Dosatron water powered dosing system

which was fed through Ram light tape under the bedding polythene. Irrigation was

monitored and advised weekly by AgriTech (AgriTech Solutions Ltd), using a neutron

probe. A 4 m high Paraweb windbreak was erected on the west side of the tunnels to

protect the structure from wind damage (N. Jennings, personal communication).

2.1.1.3   Commercial protected site

Several hectares of Visqueen luminance series polytunnels were constructed in

Blairgowrie, Perthshire in 1997 for the commercial production of soft fruit.  The 100 m

x 100 m structures were Spanish-style multi-bay tunnels with thirteen bays, each

spanning 7.0 m wide. Raspberry tunnels were covered with standard 150 μm Visqueen

polythene.  Raspberry tunnels had three rows per bay, 2.15 m between rows with a 2.7 m

leg alley. The fields were covered at the start of flowering (late May to early June) and

remained so until the end of harvesting. Tunnels were vented as required, normally when

the temperature outside reached 25oC. Irrigation and fertigation was fed through Ram 20

tape under the bedding polythene with 1.6 L/min drippers situated at 50 cm spacing.

Tunnels were watered for 1 hour at a time with anything from 1 to 8 applications per

week depending on seasonal requirements (P. Thomson, personal communication).

2.1.2   Sample collection

The progeny arising from the Latham × Glen Moy cross segregate widely for a number

of key characteristics, including time to ripe fruit and fruit colour, that impact on the

ability to visually select and collect fruit at the same stage of ripeness across all progeny

(Table 2.1). Fruit were harvested at the same time of day and from the same side of the

plant to avoid any effect of sun/shade. Fruit were picked when the majority of berries on

the plant reached the red fruit of stage 6 (Section 2.1.3). Fruit were placed into labelled

polythene bags (self seal, 152 mm by 229 mm) and stored on ice for transport to the cold

room (4oC) prior to analysis which was carried out on fresh fruit.
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Table 2.1. Segregating characteristics of the mapping population parents.

Latham Glen Moy
North American European (Scottish)
Derived from R.strigosus Derived from R. idaeus
Released in the 1930s Released in the 1980s
Small fruited Large thimble fruit
Sweet, aromatic Juicy but less sweet
Dark red colour Pale red colour
Round glossy berry Dullish large drupelets
Firm, hard Fleshy and collapsing
Good shelf life Short shelf life
Late ripening Early ripening
Root rot resistant Root rot susceptible
Canes not hairy (hh) Canes hairy (Hh)
Susceptible to cane diseases Resistant to cane diseases
Hardy Not hardy
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2.1.3 Ripening stages

It was crucial to determine as closely as possible when material from each of the

progeny was ripe. An assessment of fruit ripening was therefore required across the

entire season starting in the middle of May and scoring all plants two or three times a

week initially, then on a daily basis as the season progressed to give a standardisation

point for fruit ripening.  Ripening stages of each plant were scored individually based on

a visual assessment whereby the latest stage present on each bush was allocated a grade

as follows:

 Stage 1 - buds present

 Stage 2 - bud break/open flowers

 Stage 3 - fruit set

 Stage 4 - green fruit

 Stage 5 - green/red fruit

 Stage 6 - red fruit

 Stage 7 - over ripe fruit

2.1.4   Colour meter analysis

Colour was assessed using a Minolta Chroma meter CR-110, (Minolta Camera Co,

Osaka, Japan). This allowed each sample to be measured in terms of chromaticity under

the separate formats of Yxy, (CIE, 1931 Yxy International Commission of Illumination,

Vienna), L*a*b* (CIE 1976 Hunters Lab International Commission of Illumination,

Vienna) and ΔE by analysing the reflectance ratio between the emitted light from the

measuring heads PXA lamp (8 mm diameter) and the light reflected from the samples

(Minolta operating manual). The Yxy measurements were used to assess the brightness

of samples as represented by Y (illuminance and reflection), the saturation of colour

denoted by x (colour intensity/chroma) and the wavelength of individual colour
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represented by y (red, yellow, green and blue). The L*a*b* analysed individual colour

composition with L* measuring brightness to darkness (Black 0, White 100), a* green to

red spectrum (-a = greenness, +a = red) and b* blue to yellow spectrum (-b = blueness,

+b = yellow) as shown in Figure 2.1 (Almela et al., 1995).

ΔE is a measurement of colour deviation which represents the total colour difference

within samples assuming that colour is three dimensional. ΔE was measured on the basis

of the following equation (Figure 2.2) where colour was calculated as the square root of

the sum of the squares of the three components (L*a*b*) representing sample coordinate

differences compared with standard white tile with a range of 1.0 to 100% reflectance.

∆E= [(∆L*) 2 + (∆a*) 2 + (∆b*) 2]1/2

Figure 2.2. Equation showing the colour calculation of colour deviation (ΔE). This

equation calculates ∆E as the square root of the sum of the squares of the three colour

co-ordinates (L*a*b*) which represents the difference in colour deviation measured

between individual sample co-ordinates (brightness, redness and yellowness) and the

white tile standard used as a blank.
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Figure 2.1. Colour space and deviation as analysed by L*a*b* and ∆E (Figure

extracted from Minolta Chroma meter manual). Distance, as expressed by L*a*b*

measures, represents approximate equal visual distances as perceived by human

sensitivity to colour with L* representing sample brightness, while a* and b* measure

the chromaticity co-ordinates of the red-green and yellow-blue spectrum respectively.
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Due to the variation found between the samples in terms of their consistencies, careful

preparation of fruit was necessary to prevent inaccurate measurements being recorded.

This was achieved by carrying out extensive testing prior to the commencement of

sample analysis in 2006 and involved direct comparisons between blenders and sample

weights used.

2.1.4.1   Fruit homogenization tests

Two different blenders were used to homogenize fruit. Different quantities of fresh fruit

(25 g, 30 g and 35 g) were processed using: 1) a hand held domestic blender and 2) a

table top commercial Waring® blender (Model 38BL41, Torrington, USA). This found

the Waring® blender to produce the most consistent, smooth results for all varieties

tested whereas the hand held blender failed to produce a smooth result for drier fruit

with lumps collecting within the blender’s bulbous guard. Testing also found that while

25 g of fresh fruit produced sufficient sample for colour analysis, 35 g created a more

consistent homogeneous puree. Based on these results, 35 g of each sample was

analysed using the commercial blender for all three seasons as follows.

2.1.4.2    Preparation of samples for colour meter analysis

Thirty five grams of fresh fruit was weighed and placed into the two-speed laboratory

Waring® blender and blended on full power (16,000 × g) for 10 seconds. The puree was

then stirred for a few seconds and blended for another 10 seconds. Fifteen grams of

puree was transferred into a sterile Petri dish (9 cm diameter) and gently shaken to

provide an even surface for analysis (in 2006 10 g was also analysed to allow for

subsequent statistical analysis to be carried out measuring any reflectance differences

obtained from a reduced sample thickness). The Chroma meter was then set up as per

the operating manual and blanked using the accompanying white tile (101974) with a

reflectance of Y: 87.4, x: 0.308 and y: 0.315 and samples measured as described for

Yxy, L*a*b* and ∆E (Section 2.1.4).
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2.1.4.3 Visual colour analysis of samples

As well as the chromaticity of samples being analysed for colour, a visual assessment

was also carried out while fruit were still on the bush for all samples in 2007 and 2008.

The perceived colour of fruit was scored on a scale of 1 to 5 as follows:

1= pale pink

2= pale pink/red

3= mid red

4= mid red/dark red

5= dark red

2.1.4.4 Extraction of raspberry juice

Following colour meter analysis in 2008, 15 ml Sterilin centrifuge tubes (Barloworld

Scientific, UK) were labelled and filled with blended raspberry puree and frozen, prior

to individual biochemical analysis. Raspberry juice was then extracted from the thawed

puree into 2 ml labelled microfuge tubes using the following procedure. (Chemicals

were purchased from Sigma-Aldrich or BDH laboratories unless otherwise stated.)

Five millilitres of thawed puree was removed from the original centrifuge tube and

transferred to a new 15 ml centrifuge tube before 5 ml of 4% (v/v) acetic acid in

acetonitrile (AcOH in ACN) was added. The tubes were centrifuged at 1,000 × g for

3 minutes in an Eppendorf 58190R centrifuge (Eppendorf, Germany) and four 2 ml

aliquots of 50% (w/v) juice were obtained.

2.1.4.5   Total phenolic content

The total phenol content of each sample was estimated from a standard curve of gallic

acid (gallic acid equivalent, GAE) using the Folin-Ciocalteu method as described by

Deighton et al. (2000). Twenty microlitres of extracted juice was transferred into 1.5 ml

microfuge tubes and 980 μl of deionised water was added to produce 1% (v/v) juice for
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analysis. Two hundred and fifty microlitres of each 1% juice sample was then

transferred into disposable cuvettes in replicates of three and 250 µl of 50%

Folin-Ciocalteu reagent was added before the samples were left for 3 minutes. After this

time 500 μl of filtered saturated sodium carbonate solution (Fluka Chemicals,

Switzerland) was added to each sample, mixed by gentle pipetting and left for 1 hour.

Samples were then read at a wavelength of 750 nm, using an Ultraspec 2100 pro

spectrophotometer (Amersham Biosciences), and the results recorded in triplicate. The

mean of the three readings was calculated and from this the mg GAE per 100 g fresh

weight (fw) phenol content recorded.

2.1.4.6 Total anthocyanin content

The total anthocyanin content of each sample was measured using the pH differential

method of Cheng and Breen (1991) of A= [(A510 – A700) pH1.0 – (A510 – A700) pH4.5]

which relates to the molar extinction coefficient for cyanidin 3-glucoside (29,600). For

each sample 40 μl of extracted juice was transferred into disposable 1.6 ml semi micro

cuvettes (Greiner, Bio-one) in triplicate for a buffer of pH 1.0 (0.2 M HCl/KCl) and a

further triplicate for a buffer of pH 4.5 (0.1 M sodium acetate). The samples were then

read using an Ultraspec 2100 pro spectrophotometer (Amersham Biosciences) at

wavelengths of 510 nm and 700 nm and the results were recorded for the ratio of each

buffer in triplicate. The averages for the 3 readings per buffer were then obtained and

from this the mg per 100 g fw calculated and recorded.

2.1.4.7   Measurement of sample pH

Sample pH was measured on the initial 15 ml centrifuge tubes containing the remainder

of the blended fruit puree (Section 2.1.4.4). Samples were collected from the freezer and

allowed to thaw at room temperature while the pH meter was calibrated for standard

buffers of pH 7.0 and 4.0. The 15 ml tubes were centrifuged at 1,000 × g for 90 seconds

in order to obtain sufficient juice for pH testing using an H1 8521 pH meter (Hanna,

Bedfordshire, UK). The samples were then analysed in duplicate and the mean

measurement recorded.



55

2.1.5   Total soluble solids analysis

Brix testing is a measure of the total soluble solids (TSS) in a given weight of plant

extract (Liebhard et al., 2003). Refractometry results are recorded as oBrix compared to

a concentration of sugar content in grams per 100 ml of juice. This is assumed correct at

a temperature of 20oC whereby 1o Brix is equal to 18 g per litre of sugar (Liebhard et al.,

2003). Due to the presence of other substances, for example salts, minerals and proteins,

the oBrix represents the total concentration of all soluble solids within each sample

analysed and is reported accurate from 0.0 to 53.0o (Pocket Pal-1 instruction manual,

Tokyo, Japan). Two berries from each sample were randomly selected and placed into a

cut piece of muslin before two or three drops of juice were squeezed onto the pocket

refractometer prism (Atago PAL-1, Tokyo, Japan). The samples were then analysed in

duplicate and the average reading recorded. The prism was cleaned using deionised

water between samples and blanked using deionised water every 10 samples.

2.1.6   Sample weight

Ten berries from each sample were randomly selected from the individual bags of ripe

fruit (Section 2.1.2) and weighed into a sterile Petri dish in order to give an assessment

of individual fruit size per plant sample (ten berry weight).

2.2 Materials and methods for genotypic analysis (Chapter 4)

2.2.1 Mapping population

The mapping population as described in Section 2.1.1 consisted of 188 progeny used in

the construction of a raspberry genetic linkage map (Graham et al., 2004; 2006; 2009)

and for subsequent marker and candidate gene analysis.

2.2.2 DNA extraction from mapping population

DNA was extracted from young raspberry leaves collected from two Rubus subspecies,

Rubus idaeus (cv. Glen Moy) and Rubus strigosus (cv. Latham) along with the 188

progeny derived from a cross between the two parents, using a CTAB/chloroform

method as described by Graham et al. (2003). All mortars and pestles were washed and
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autoclaved prior to extraction. The extraction buffer was prepared using 2% (w/v)

hexadecyl trimethyl ammonium bromide (CTAB), 100 mM Tris-HCl (pH 8.0), 1.4 M

sodium chloride, 20 mM Na2EDTA (pH 8.0), 0.1% (w/v) dithiothreitol (DTT) adjusted

to 500 ml using distilled water. For each sample, 1 g of leaf material, collected fresh and

stored on ice or previously collected and stored at -80oC, was ground in a pre-cooled

mortar and pestle with liquid nitrogen. Towards the end of grinding, samples were left to

stand at room temperature to ensure excess liquid nitrogen volatised, without allowing

samples to thaw, and 5 ml of 2% CTAB extraction buffer was added and samples

transferred to a sterile 15 ml centrifuge tube. The samples were incubated at 65oC for 30

minutes followed by the addition of 7.5 ml chloroform-isoamyl alcohol (24:1). The

samples were agitated for 15 minutes followed by centrifugation for 10 minutes at

2,000 × g. The aqueous layer was filtered through sterile muslin and an equal volume of

ice cold propan-2-ol was added slowly, mixed and incubated at room temperature for 15

minutes to allow DNA precipitation. The DNA was pelleted by centrifuging the mixture

for 20 minutes at 2,000 × g. The supernatant was discarded and the DNA dried by

inverting the tube over tissue. The pellet was then resuspended in 1 ml of TE buffer

(1 M tris, pH 7.5, 500 mM EDTA, pH 8.0) and 10 μl RNase was added to the DNA. The

samples were then incubated at 37oC for 1 hour and stored at -80oC prior to use.

2.2.3   Candidate gene analysis

Candidate genes identified through literature and database searching and thought to be

involved in quality traits, such as those found within sugar, acid or colour pathways,

were analysed in raspberry (Chapter 4, Section 4.2.1 and 4.2.2). Primer sequences and

amplification conditions were replicated from initial sources in order to screen for the

presence of these genes in raspberry. This involved analysing the primer sequences used

in other species, against the sequences reported for each gene, following insertion of the

corresponding accession number, into NCBI ‘BLAST’ database (National Centre for

Biotechnology Information, Basic Local Alignment Search Tool) and identifying the

primer sequences reported (Altschul et al., 1990). BLAST aligns two sequences by

identifying and scoring regions of identity between two sequences. Similarity scores are
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then assigned depending on amino acid matches, likelihood of mismatches and relative

abundance of amino acids present. For the final production of an optimal alignment

between sequences (pairwise alignment) the position of the query search is compared

with each position of the database sequence and a quality match is scored. The database

sequence results are then displayed in ascending order with the lowest p-value as applied

in Karlin-Altschul Sum statistics, (Karlin and Altschul, 1993) depicting the highest level

of identity.

2.2.4    Polymerase chain reaction

Polymerase chain reaction (PCR) begins with the denaturation of templates and any

other previously synthesised products to release the single stranded DNA followed by a

reduction in temperature. This allows the primers to scan the genomic template in order

to find the corresponding target sequence permitting the primers to anneal to the

template (Sambrook and Russell, 2001). The temperature is then increased during the

extension stage, which allows DNA synthesis to occur in the presence of Taq

polymerase which is derived from the thermophilic bacterium Thermus aquaticus (Saiki

et al., 1988). DNA samples of the parents ‘Glen Moy’ and ‘Latham’ along with 6

individuals were amplified with each of the primers obtained using the following PCR

programme, performed on a Perkin Elmer 9700 Thermal Cycler (Applied Biosystems).

A typical 25 l reaction contained 25 ng template DNA, 1.0 M forward and reverse

primer, 0.2 mM dNTPs, 1× PCR buffer (containing 10 mm Tris-HCl, 1.5 mm MgCl2,

50 mm KCl, pH 8.3)  and 0.1 unit Taq polymerase (Roche, Switzerland). Two PCR

profiles were commonly used.

2.2.4.1   SSR programme

Reactions were incubated at 94oC for 5 minutes to allow denaturation of the template

DNA: 35 amplification cycles were then carried out as follows; denature at 94oC for

1 minute, anneal at 57oC for 1 minute, extend at 72oC for 1 minute, and incubate further

at 72oC for 8 minutes before holding at 4oC. The extension time was varied depending

on the product size expected.
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2.2.4.2   Touchdown programme

Reactions were incubated at 94oC for 5 minutes followed by: denature at 94oC for 30

seconds, anneal at 65oC for 30 seconds, and extend at 72oC for 30 seconds. This

temperature was then decreased by 1oC for 6 subsequent cycles after which, 28 cycles

followed: denature at 94oC for 30 seconds, anneal at 58oC for 30 seconds, extend at 72oC

for 30 seconds and incubate further at 72oC for 7 minutes before holding at 4oC.

2.2.5   Primer re-design

For the candidate genes which failed to amplify in raspberries, primers were re-

designed. This involved importing the known accession number or gene name of interest

into the NCBI database. The gene sequences obtained were then imported into the NCBI

BLAST database where similarities between sequences could be identified and

statistically analysed for significant alignment. The six most similarly aligned sequences

were imported into ClustalW, a sequence analysis tool, available through European

Molecular Biology Laboratory, European Bioinformatics Institute (EMBL-EBI) which

allowed the alignment of divergent sequences to be directly compared to find the most

conserved regions (Appendix 2.1). Selected sequence areas were then analysed further

using Primer3 software (Rozen and Skaletsky, 2000) for optimal primer design. In order

to account for any degenerative sites present within and between plant species, primers

were also designed with (Operon) degenerate base pairs (wobbles). Following the re-

designing of new primers (Appendix 2.2) further amplification were performed on each

primer pair using the parental DNA and six progeny (Section 2.2.4).

2.2.6   Electrophoresis agarose gel visualisation

DNA fragments obtained following PCR amplification were separated on the basis of

their size or molecular weight by electrophoresis through an agarose gel matrix. Agarose

gels were prepared as 1.0% or 1.5% (w/v) depending on requirement and expected

fragment size. Gels were prepared using Hi pure low EEO agarose (Biogene) and 1×

Tris borate EDTA buffer (TBE) (10.8 g/l Tris base, 5.5 g/l boric acid, 930 mg/l

Na2EDTA, 2H2O, pH 8.0). Fragment sizes were estimated by running 5 μl of either 1 kb
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ladder (Invitrogen, Carlsbad, USA) or 100 bp (Promega, www.promega.com) ladder,

depending on fragment size expected, alongside the PCR product.

Loading dye (0.04% bromophenol blue, 0.04% xylene cyanol FF, 6% glycerol) was

added to each sample prior to analysis to add density to the sample to ensure it entered

into the well, while allowing visual monitoring during gel migration. Ethidium bromide

(EtBr) (0.25 µl/ml) was added to the gel to allow UV visualisation (302 nm) through

intercalation with DNA molecules causing fluorescence. Electrophoresis was performed

using a Consort Flowgen E455 (Sittingbourne, UK) powerpack set at between 80 and

120 volts depending on the number of samples/size of gel analysed. For the candidate

genes which were successfully amplified 15 µl of each PCR product was analysed on a

1.5% (w/v) agarose gel to allow the individual bands to be extracted from the gel using a

sterile scalpel blade in preparation for DNA sequencing.

2.2.7   MinElute gel extraction protocol using a microcentrifuge

DNA was extracted from each of the candidate genes embedded within the agarose gel

matrix following the manufacturer’s guidelines (Qiagen MinElute Handbook, 2006).

Each gel slice was individually weighed in a microfuge tube before 3 volumes of buffer

QG (as supplied in the kit) was added. The tube was incubated in a water bath at 50oC

for 10 minutes in order to completely dissolve the agarose gel and the sample was

vortexed every 3 minutes to aid mixing. The colour of the sample and hence the pH was

then checked to ensure an efficient pH of < 7.5 was maintained before one volume of

high grade isopropanol (Fisher Scientific) was added to the tube and mixed by inversion.

The sample was then transferred into a MinElute column and the DNA allowed to bind

to the membrane following centrifugation at 10,000 × g for 1 minute. The flow through

was discarded, 500 μl of buffer QG added and the sample further centrifuged for 1

minute. The membrane was washed following the addition of 750 μl of buffer PE

(supplied in the kit), left to stand at room temperature for 1 minute before centrifugation

for 1 minute at 10,000 × g. The flow through was again discarded and the columns

centrifuged for another 1 minute at 10,000 × g to remove any residual ethanol present in

www.promega.com
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the buffer PE. The MinElute column was then transferred to a sterile microfuge tube

before 12 μl of sterile distilled water was added directly onto the membrane. The sample

was then allowed to stand for 1 minute prior to a final 1 minute centrifugation at

10,000 × g to elute the bound DNA.

2.2.8   Determination of DNA concentration

Nanodrop™ (Thermo Science, Wilmington, USA) is a spectrophotometer linked to a

computer which measures nucleic acid concentrations. The sensitivity range for DNA is

between 2 ng and 3700 ng per 1 μl (Labtech International, 2006). DNA has an

absorption peak at 260 nm with an A260/A280 ratio of 2.0 and purified DNA can then be

estimated assuming that an A260 of 1.0 is equivalent to 50 μg of DNA per 1 ml (Dadd,

1996). Each sample was quantified in turn using the Nanodrop™ which had been

previously blanked using sterile distilled water. Each sample (1 μl) was added to the

detection surface of the spectrophotometer and the DNA concentration and wavelength

recorded. Each sample was then diluted appropriately, depending on the PCR product

size, using distilled water prior to sequence analysis.

2.2.8.1   Sequencing protocol

A minimum of 5 μl of sample was required per sequencing reaction and each sample

was sequenced in both the forward and reverse direction. Twelve microlitres of DNA

were sent to the SCRI Sequencing Service for each sample along with 6 μl of 10 mM

forward and reverse primers, used for initial amplification, in order to allow sufficient

quantities for analysis using an ABI 3730 DNA sequence analyser (Applied

Biosystems).

2.2.9 DNA cloning protocol

For the candidate genes which produced multiple bands or mixed sequences on gel

electrophoresis, it was necessary to clone these samples to obtain a single gene product.
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2.2.9.1   Clean up using Qiagen MinElute PCR purification kit

PCR products from the selected candidate genes were purified for subsequent cloning

and sequence analysis following standard Qiagen MinElute instructions. Five volumes

of buffer PB (provided in purification kit) was added to one volume of each of the PCR

products in turn and mixed by gently vortexing. Each sample was then transferred into a

MinElute column and collection tube in order to bind the DNA, following centrifugation

at 10,000 × g for 1 minute. The flow through was discarded and the DNA washed by

adding 750 μl of buffer PE (provided in kit) and centrifuged for 1 minute. Again the

flow through was discarded and residual ethanol was removed by centrifuging at

10,000 × g for a further 1 minute. The MinElute column was then transferred to a clean

microfuge tube and the DNA eluted from the membrane following the addition of 12 μl

of buffer EB (provided in kit). The column was allowed to stand for 1 minute before

eluting the DNA by centrifuging at 10,000 × g for 1 minute. All 12 μl of eluted DNA

from each sample was then analysed on a 1.5% agarose gel before the bands were

extracted and purified (Section 2.2.7).

2.2.9.2 Ligation reaction using pGEM® - T Easy vector

PCR products from Section 2.2.9.1, were cloned into the T/A vector pGEM® -T Easy

(Promega.com), an efficient cloning vector for PCR products with ‘A’ overhangs. The

pGEM® -T Easy vector contains the RNA polymerase promoters T7 and SP6 which

flank a multiple cloning region within the α peptide coding region found in the enzyme

β-galactosidase. As a result insertional inactivation of the α peptide allows a visual

identification of recombinant clones via screening of colonies present on appropriate

indicator plates (Promega.com). The presence of multiple restriction sites within the

multiple cloning region of pGEM®-T Easy vector allows the inserts to be released

following digestion using a single restriction digest. The pGEM®-T Easy vector itself

contains recognition sites for restriction enzymes including EcoRI, BstZI and NotI

leading to 3 single enzyme digestions, which can result in insert release (Promega.com).

The pGEM®-T Easy vector and control insert DNA tubes were centrifuged for 10

seconds prior to use in order to collect the content at the bottom of the tubes. Ligation
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reactions were set up in labelled microfuge tubes (Table 2.2) for a standard reaction (for

7 samples), positive control (× 1) and background control (× 1), taking care to ensure the

2× ligation buffer was vortexed vigorously before each use. The contents of each tube

were then mixed by gently pipetting each sample, before incubating for 48 hours at 4oC

as per the manufacturer’s instructions in order to obtain the maximum number of

transformants.
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Table 2.2. Preparation of ligation reactions used for gene cloning.

REAGENT STANDARD POSITIVE BACKGROUND

2X rapid ligation buffer 5 μl 5 µl 5 µl

pGEM® -T Easy vector 1 µl 1 µl 1 µl

PCR Product 3 µl NIL NIL

Control insert DNA NIL 2 µl NIL

T4 DNA ligase (3 Weiss

units/μl)
1 µl 1 µl 1 µl

Deionised water (to final

volume of 10 μl)
NIL 1 µl 3 µl
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2.2.9.3   Transformation of samples using pGEM® - T Easy vector ligation reactions

The tubes containing the ligation reactions were centrifuged at 16,000 × g for 60 seconds

in order to collect the contents at the bottom of each tube before 2 μl of each reaction

were transferred into sterile 1.5 ml microfuge tubes containing chemically competent

DH5α cells (Invitrogen) stored on ice. Each of the tubes were mixed by gently flicking

before incubating on ice for 30 minutes. The cells were heat shocked for 45 seconds in a

water bath at exactly 42oC and replaced on ice for a further 10 minutes and then 80 μl of

SOC medium (2% Bactotryptone, 0.5% Bacto yeast extract, 10 mM NaCl, 2.5 mM KCl,

adjusted to pH 7.0 using NaOH) stored at room temperature was added to each of the

tubes giving a total volume of 100 μl. All tubes were then incubated at 37oC with

shaking at 25 Hz for 1 hour in an orbital incubator SI 50 (Stuart Scientific).

Plates (LB/AIX), 0.5 ml ampicillin (100 μg/ml), 1.6 ml isopropylthio-β-

galactopyranoside (IPTG, 32 μg/ml) and 1.6 ml 5-bromo-4-chloro-3-indoyl-β-D-

galactopyranoside (X-gal, 32 μg/ml), were inoculated by transferring 100 μl of

transformed sample onto the surface of each of the labelled Petri dishes in turn including

1 background control and 1 positive control. Each sample was spread aseptically over

the surface of the plates, using approximately 8 sterile glass beads, and then incubated

upside down at 37oC overnight. Plates were examined for colony number and

appearance (in the form of blue/white colony development).

2.2.9.4   Miniprep colony isolation

Five hundred milliliters of LB (1% Bactotryptone, 0.5% Bacto yeast extract, 1% NaCl)

medium was inoculated with 500 μl of 100 mg/ml ampicillin and mixed gently before

1 ml was added to each individual well of a sterile 96 deep well plate. One single white

transformant from each plate was added using a yellow pipette tip (8 colonies transferred

per sample). The plates were covered with gas permeable adhesive seal (AbGene) and

placed in an orbital incubator SI 50 (Stuart Scientific) at 37oC overnight with shaking at

25 Hz (~ 24 hours).
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2.2.9.5 Large scale plasmid minipreparation

Plasmid DNA was isolated using an alkaline lysis protocol. The deep 96 well plate

(2.2.9.4) was spun at 700 × g for 5 minutes before discarding the supernatant and

inverting the plate over paper towel to remove residual media. The pellets were

resuspended following the addition of 80 µl of solution I (30 mM glucose, 15 mM Tris-

HCl, 30 mM Na2EDTA pH 8.0, RNase A, 60 µg/ml) to each well and mixed by

vortexing to ensure complete resuspension (increasing the osmotic pressure outside of

the cells, due to the presence of glucose, while the EDTA protects the exposed DNA

from degradative enzymes). This was followed by the addition of 80 µl of freshly

prepared solution II (0.2 M NaOH, 1.0% SDS) to each well. The plate was vortexed for

1 minute then left at room temperature for no more than 2 minutes in order to rupture the

cells and solubilise the cellular proteins without causing DNA lysis following NaOH

denaturation. Eighty microlitres of solution III (3.6 M Potassium acetate) was then

added to each well and the plate vortexed for 1 minute, providing a neutral pH which

favours DNA renaturation. The E. coli debris was trapped within the cell precipitate

while allowing the DNA to remain in solution. Binding solution (160 μl) of 8 M

guanidine hydrochloride was added to each well of a multiscreen binding MAFBNOB

plate (Millipore) placed on the pump manifold.

A multiscreen clearing plate (MANANLY, Millipore) was placed on top of the manifold

containing the multiscreen binding plate. The bacterial lysate was mixed by pipetting up

and down twice before 130 μl of this solution was transferred to each well of the

clearing plate. A 10 mm Hg vacuum from a Millipore pump was applied to the manifold

for 3 minutes to draw the lysate through to the binding plate. The clearing plate was

discarded and the solutions in the wells of the binding plate were mixed by pipetting

three times. An inverted plate lid was then placed onto the manifold base and the

binding plate placed on top before full vacuum of around 20 mm Hg was applied for 1

minute and the waste discarded. The addition of 200 μl of 70% (v/v) laboratory grade

ethanol to each well followed and the plate vacuumed on full (20 mm Hg) for 1 minute.

This removed any remaining salt and SDS detergent. Again the waste was discarded and
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this wash step repeated. The plates were then allowed to dry by assembling the Millipore

alignment frames appropriately and spinning the plate at 700 × g for 10 minutes. The

plate was allowed to sit at room temperature for a further 10 minutes to ensure no

residual ethanol remained. Plasmid DNA was eluted following transfer of the binding

plate to a new microtitre storage plate and 75 μl of sterile distilled water was added to

each well before a final 5 minute centrifugation at 700 × g. Three microlitres of a

selection of plasmid DNA were then analysed on a 1% (w/v) agarose gel in order to

assess DNA quality prior to sequencing.

2.2.9.5.1   BigDye® terminator cycle sequencing

A 1/16th sequencing reaction was prepared for the plasmid reactions using BigDye®

cycle sequencing v 3.1 (Applied Biosystems, Foster City, USA) master mix: (0.5 μl

fluorescent BigDye®, 1.88 µl dilution buffer (400 mM Tris-HCl pH 9.0, 10 mM MgCl2),

1 µl Universal M13 forward and reverse primers (M13F 5’ GTA AAA CGA CGG CCA

GT 3’) and (M13R 5’ CAG GAA ACA GCT ATG AC 3’) (10 µM) and 3.62 µl sterile

distilled water). The master mix (7 μl) was transferred into each well of a non skirted

PCR plate and 3 μl of plasmid DNA (Section 2.2.9.5) was added to individual wells and

amplified using a sequencing plus programme; a denaturing step at 96oC for 10 seconds,

40 cycles of 50oC for 5 seconds, 60oC for 4 minutes followed by a hold at 4oC.

2.2.9.5.2   Purification and analysis of DNA sequencing reactions

The plasmid sequencing reactions (2.2.9.5.1) were purified for sequencing. The 96 well

plate was briefly spun to ensure samples were at the bottom of the wells before 2.5 μl of

EDTA was added to the bottom of each well. Thirty microlitres of 100% ethanol was

added to each well before the plate was sealed with a PCR lid, vortexed and incubated at

room temperature for 15 minutes. The plate was then spun at 3,000 × g for 30 minutes,

the supernatant drained and the plate spun upside down on tissue for 10 seconds at

200 × g. Pellets were washed twice following the addition of 150 µl of 100% ethanol

and centrifuged at 4oC for 15 minutes. Finally the cover was removed and the plate

centrifuged upside down at 200 × g for 1 minute. The DNA was analysed on an ABI
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3730 DNA sequence analyser (Applied Biosystems) at the SCRI Sequencing and

Genotyping Service. Sequencing data was analysed manually using Sequencher 4.5, 4.8

(DNA Codes Corporation) or BioEdit 5.0.9

(http://www.mbio.ncsu.edu/bioedit/bioedit.html) to identify sequence polymorphisms

present.

2.2.10   Single nucleotide polymorphism detection

The two main genetic variations reported to cause differences between individuals are

microsatellite tandem repeats of single sequences and single nucleotide polymorphisms.

Single nucleotide polymorphisms are the most commonly found variations across a

genome and are reported as occurring every 1000 nucleotides in the human genome

(Wang et al., 1998). These polymorphisms can often be used to directly detect

individual alleles which are responsible for variations found for a trait of interest

(Nakitandwe et al., 2007). Where SNPs were identified in candidate genes, primers were

designed for Pyrosequencing® assays using PSQ Assay design software 1.0 (Qiagen,

Germany). The Pyrosequencing® assay was performed on all 188 individuals of the

mapping population plus both parents, for each of the identified polymorphisms

according to the manufacturers protocol (Qiagen) using a PSQ96MA Pyrosequencing®

instrument (Qiagen).

2.2.10.1   Pyrosequence® analysis

A Pyrosequence® reaction involves a number of enzymatic steps. The first step releases

pyrophosphate (PPi) following incorporation of a nucleotide to the template DNA or

RNA sample. The PPi is then converted to ATP by ATP sulfurylase which is the catalyst

for light generation of oxidized luciferin by luciferase. The remaining unincorporated

nucleotides are degraded by apyrase and the cascade is repeated with the introduction of

a new nucleotide. This sequence is repeated until the full template has been sequenced

(Ronaghi, 2001; Fakhrai-Rad et al., 2002). In solid phase Pyrosequencing® the ATP

sulfurylase used was from the yeast Saccharomyces cerevisiae while the luciferase was

derived from the American firefly Photinus pyralis. The light generated following

http://www.mbio.ncsu.edu/bioedit/bioedit.html
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nucleotide incorporation is around 560 nm in wavelength and is identified by a charge

coupled device camera (CCD) (Ronaghi, 2001).

2.2.10.2   Sample preparation for Pyrosequence® analysis

The PCR reaction differs from normal amplification protocols in so far as one of the

PCR primer pairs is covalently bound to a Biotin tag. This allows the DNA strand to be

immobilised onto a streptavidin Sepharose high performance bead while the

complementary strand is released producing two single strands of targeted DNA. Qiagen

(PSQ) assay design software 1.0 (Qiagen, Germany) was used to develop appropriate

primers for subsequent Pyrosequence® analysis. The identified sequence of interest was

transferred into the software sequence editor with the single nucleotide polymorphism

clearly identified, for example G/A. For insertion or deletions, the sample is identified

within closed brackets, [GA]. From here the PSQ programme will analyse the sequence

and identify the most appropriate primers to amplify the target SNP. This results in 1

forward and 1 reverse primer, either of which may be selected for biotinylation, and a

sequencing primer which will specify the subsequent dispensation order of nucleotides

for genotypic analysis. The nucleotides are added to the DNA sequence complementary

to the selected template and are designed to include both alleles specific to each SNP to

be analysed (Alderborn et al., 2000).

2.2.10.3   Pyrosequencing® protocol

The PCR template was prepared as per normal amplification specifications as follows:

A typical 25 l reaction contained 25 ng template DNA, 1.0 M forward and reverse

primers, 0.2 mM dNTPs and 0.1 units Taq polymerase (Roche, Switzerland). Reactions

were incubated at 94oC for 5 minutes to allow denaturation of the template DNA.

Amplifications were then carried out for 40 cycles as follows: 94 oC for 45 seconds,

57 oC for 45 seconds, 72 oC for 1 minute, and incubated at 72oC for 8 minutes before

holding at 4oC. The extension time was varied depending on the product size expected.

Five microlitres of PCR samples were analysed on a 1.5% (w/v) agarose gel (see Section

2.2.6), in order to confirm appropriate product amplification.
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Each PCR plate required a final volume of 80 µl prior to Pyrosequence® analysis and this

consisted of the addition of Sepharose beads (3.0 µl), molecular biology grade (MBG)

water (20.0 µl) and binding buffer (Qiagen) (37.0 µl) to the 20 µl  PCR product.

The plate was agitated at 10,000 × g on an Eppendorf thermomixer comfort for 15

minutes at 22oC while the Pyrosequencing® low plate was prepared with the following

45 µl volume per sample: 0.15 µl sequencing primer, designed specifically to analyse

the SNP of interest, 3.50 µl annealing buffer (Qiagen) and 1.35 µl MBG water. Five

microlitres of this mix was transferred into each well of the Pyrosequencing® low plate

along with a further 40 µl of annealing buffer and this was placed into the

Pyrosequencing® sample preparation station. The three reservoirs of the sample

preparation station were filled with: reservoir 1) 70% (v/v) ethanol, reservoir 2) 0.2 M

NaOH and reservoir 3) 1× wash buffer (Qiagen). The Pyrosequencing® software was

then prepared by importing the relevant SNP information from the PSQ Assay design

software. This information was used to prepare the reagent cartridge with appropriate

reagents for each run including substrate (luciferine, and adenosine 5’-phosphosulfate),

enzyme (single stranded DNA binding protein, luciferase, DNA polymerase, apyrase

and sulfurylase) and dNTP’s (A, C, G, and T).  At this stage the thermomixer comfort

was stopped and the sample plate containg the Pyrosequencing® PCR reaction placed

onto the preparation station and the suction pump activated. The handset was placed into

the wells of the plate and gently massaged for 10 seconds in order to attach the

immobilised beads onto the filter tips while the excess liquid was discarded before being

placed into each reservoir in turn for 5 seconds. The pump was switched off and the

handset placed into the Pyrosequencing® low plate and the beads released from the filter

probes by crudely shaking for 30 seconds. The plate was then incubated at 80oC on a

PCR machine for 3 minutes and then brought back to room temperature before being

placed onto the Pyrosequencing® machine along with the cartridge, containing sufficient

reagent for full plate analysis. The run was then initiated on the computer with sequence

results obtained in the form of Pyrogram® traces which were analysed using PSQ 2.1

software (Qiagen).
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2.2.11   Gene prediction following single nucleotide polymorphism detection

Gene prediction software was utilised in order to examine the potential effect each of the

SNPs could have on the candidate gene of interest. The gene sequences obtained

(Section 2.2.8.1 and 2.2.9.5) were imported into gene software FGENESH

(www.softberry.com) twice, to account for each allele identified, and the resultant amino

acid chains were compared.

2.3   Materials and methods for EST library utilisation

Expressed sequence tag (EST) libraries, constructed from the roots of Latham (R.

strigosus) constructed in 2007 from young potted plants grown in glasshouses at the

SCRI, Dundee (I. Tierney, personal communications) and both endodormant and

paradormant raspberry buds cultivated from rootstocks grown in unheated glasshouses at

the SCRI, Dundee from cv. Glen Ample (Mazzitelli et al., 2007), were explored for

potential genes identified within biological pathways involved in fruit colour

development.

2.3.1  EST library construction

In order to enhance the sequence information available in red raspberry it was necessary

to construct further EST libraries containing transcribed gene sequences in order to

establish whether polymorphisms could be identified between alleles and between

parents which may underlie candidate genes involved in fruit quality.

2.3.2   Plant material for library construction

Fruit samples were collected from the mapping parents, ‘Glen Moy’ and ‘Latham’, for

two distinct ripening stages, green red expanding fruit and red ripe fruit. Fruit were

harvested at the appropriate stage from the same side of the plant located under

protected covering at SCRI in 2007 and stored immediately in liquid nitrogen prior to

transfer to -80oC storage.

www.softberry.com
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2.3.3   cDNA library preparation

In order to identify and characterise genes which are specifically expressed in raspberry

fruit, it was necessary to isolate mRNA from fruit tissues to produce complementary

DNA (cDNA) copies in the form of a cDNA library. All mortars, pestles and accessory

glassware were cleaned using RNase away (Ambion) and autoclaved prior to RNA

extraction and sterile tips and plasticware used. Solutions were prepared fresh and

autoclaved where necessary while gloves were worn at all times and changed frequently

in order to prevent RNase contamination of samples.

2.3.4   Purification of total RNA from raspberry fruit

RNA was extracted from parents ‘Glen Moy’ and ‘Latham’ for the formation of EST

libraries using the following Qiagen RNeasy plant minikit protocol, with modifications.

Buffer RLT (Guanidine thiocyanate solution, provided with kit) was prepared fresh prior

to each 100 mg purification by adding 4.5 μl of β mercaptoethanol per 450 µl buffer

RLT. RNA isolation aid (Ambion) was also added to the RLT buffer to enhance RNA

purification with 45 µl used per 100 mg of tissue extract. Approximately 500 mg of

frozen fruit drupelets were weighed and placed into an RNase-free mortar, covered with

liquid nitrogen (LN2) and ground thoroughly. Tissue powder and LN2 were decanted into

a 50 ml centrifuge tube without allowing the tissue to thaw and once the liquid nitrogen

had volatised, buffer RLT was added. The extract was vortexed vigorously before the

lysate was transferred to 5 separate QIAshredder columns placed in a 2 ml collection

tube. The tubes were centrifuged at 10,000 × g for 2 minutes before the supernatant from

the 5 tubes were transferred to a sterile 15 ml microcentrifuge tube without disturbing

the cell debris pellet. The addition of 0.5 volume ethanol followed and the solution was

mixed immediately by pipetting. The sample was then transferred into an RNeasy spin

column and 2 ml collection tube and centrifuged at 8,000 × g for 15 seconds. The flow

through was discarded before 700 µl of buffer RW1 (provided in kit) was applied and

tubes centrifuged for 15 seconds to wash the column membrane. The flow through was

again discarded and 500 µl of buffer RPE (provided in kit) was added followed by an

additional wash step and centrifuged for 15 seconds. The flow through was discarded
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and the wash repeated followed by centrifugation for 2 minutes to ensure no ethanol was

carried through. The spin column was transferred to a new 2 ml collection tube and

centrifuged at 10,000 × g for 1 minute to prevent the carry over of buffer RPE or

residual flow through. The RNeasy spin column was then placed carefully into a sterile

1.5 ml microfuge tube and 50 µl of RNase free water was added directly onto the

column membrane. The RNA was eluted by centrifuging the tube for 1 minute at

8,000 × g. Six microlitres of RNA was transferred to a new microfuge tube for

subsequent Nanodrop™ and agarose gel analysis while the remaining RNA was stored

at -80oC. Once sufficient total RNA had been isolated from each parent and each stage

(approximately 100 μg per library), the samples were combined and cleaned up as per

the following Qiagen protocol.

2.3.5   RNA cleanup protocol using Qiagen RNeasy mini kit

A combined total of 300 µl RNA for each library was transferred to a 15 ml centrifuge

tube and 1050 µl of buffer RLT containing 10.5 µl of β-mercaptoethanol was added and

mixed well. The RNA solution was then diluted by adding 750 µl of 100% ethanol and

mixed by pipetting. The sample was transferred (700 µl at a time) to an RNeasy spin

column inside a 2 ml collection tube and centrifuged for 15 seconds at 8,000 × g. The

flow through was discarded between each 700 µl sample transfer and 500 µl buffer RPE

was then added. The sample was centrifuged for 15 seconds in order to wash the column

membrane before a further 500 µl of buffer RPE was added. The sample was centrifuged

for 2 minutes to prevent ethanol carryover and the column transferred to a new 2 ml

collection tube before further centrifugation at 10,000 × g for 1 minute to eliminate

residual flow through. The spin column was then placed into a sterile microfuge tube

and 45 µl of RNase free water was added directly to the membrane to elute the purified

RNA. The sample was then centrifuged for 1 minute at 8,000 × g. This step was then

repeated with a further 45 µl of RNase free water to give a total eluted sample of 90 µl.

Purified RNA (2 µl) was analysed by spectrophotometer (2.2.8) in order to assess the

concentration and absorption ratios prior to DNase treatment.
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2.3.6   DNase treatment of total RNA

In order to remove any contaminating DNA which may be present, the samples were

treated with DNA-free (Ambion). Using the Ambion protocol, 10 µl (0.1 volume) of 10×

DNase 1 buffer and 1 µl of recombinant DNase 1 buffer (rDNase) was added to 88 µl of

eluted RNA. This was mixed gently before incubating at 37oC for 30 minutes. The

DNase inactivation reagent was resuspended by gently flicking the tube and 10 µl (0.1

volume) of the slurry added to the sample. This was incubated at room temperature for

1 minute with regular flicking of the tube to mix. The sample was centrifuged at

10,000 × g for 1 minute 30 seconds in order to pellet the DNase inactivation reagent,

allowing the supernatant containing RNA to be transferred to a fresh microfuge tube.

This step was repeated as necessary to remove supernatant. The samples (2 µl) were

then quantified via Nanodrop™ leaving 106 µl.

2.3.7   mRNA isolation

The isolation of poly (A)+ RNA required for construction of cDNA libraries was

obtained using Dynabead mRNA purification technology (Invitrogen). Total RNA

comprises only 2 to 5% of Poly (A)+ RNA which can be enriched prior to downstream

cDNA synthesis. Dynabead purification utilises magnetic separation by binding poly

(A)+ to oligo (dT) which is covalently bound to the surface of the magnetic Dynabeads.

Following a series of wash steps most other RNA species are removed allowing mRNA

to be released in the final RNase elution step. Poly (A)+ RNA was isolated using

Dynabeads following the manufacturer’s protocol. Approximately 100 µg total RNA in

100 µl was desirable at this stage. The RNA was heated for 10 minutes in a water bath at

65oC, to disrupt any secondary structures and the samples placed on ice. Meanwhile the

Dynabeads were resuspended by gently flicking the tube and 200 µl transferred to a

sterile RNase free microfuge tube. The tube was then placed into the Dynal magnet for

30 seconds and the resultant supernatant was removed. The Dynabeads were then

removed from the magnet and resuspended in 100 µl of 2× binding buffer (supplied with

kit). The tube was placed back into the magnet for 30
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seconds and the buffer removed. A further 100 µl of 2× binding buffer was then added

to the beads followed by 100 µl of denatured RNA.

The Dynabead/RNA solution was mixed at ambient temperature in an orbital incubator

SI 50 (Stuart Scientific) with shaking for 5 minutes to allow annealing of the poly (A)+

tail of the mRNA with the oligo (dT) on the beads. The supernatant was then removed

and discarded and the beads washed twice with 200 µl of washing buffer (supplied with

kit) ensuring all supernatant was removed at each step. The tube was removed from the

magnet and 20 µl of elution buffer (10 mM Tris-HCl, provided with the Dynabead

purification kit) was added before incubating at 65oC for 5 minutes. The tube was then

placed immediately into the magnet and the supernatant containing mRNA was removed

and transferred into an RNase free tube. A further 2 µl was removed for Nanodrop™

analysis leaving a total of 18.0 µl for first strand cDNA synthesis.

2.3.8   First strand cDNA synthesis

The mRNA from Section 2.3.7 was converted into first strand cDNA following the

Superscript™ choice protocol (Figure 2.3). For optimal results 9 µl mRNA was added to

a sterile 1.5 ml microfuge tube containing 2 µl of NotI primer adapter. The tube was

heated in a water bath at 70oC for 10 minutes before quick chilling on ice. The contents

were briefly centrifuged before adding the first strand components: 5× first strand buffer

(4 µl), 0.1 mM DTT (2 µl), 10 mM dNTP mix (1 µl), RNase free water (1 µl). The

contents were mixed by gently vortexing before collecting the mixture via brief

centrifugation. The tube was then incubated at 37oC for 2 minutes in order to allow

temperature equilibration of the mixture. Then 1 µl of Superscript TM II RT was added to

the tube. The samples were incubated at 37oC for 1 hour and then the reaction was

terminated by placing the tube on ice.
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Figure 2.3. Superscript™ choice systems schematic representation of the cDNA

construction stages (Figure extracted from Invitrogen Superscript™ instruction manual).

The major steps involved in constructing a random cDNA library include the isolation of

mRNA from total RNA followed by first and second strand cDNA synthesis. The

addition of primer adapters are then required for efficient cDNA cloning and ligation.
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2.3.9   Second strand cDNA synthesis

The following components were added to the 20 µl of first strand cDNA on ice:

DEPC treated water (91 µl), 5× second strand buffer (30 µl), 10 mM dNTP mix (3 µl)

E. coli DNA ligase (10 units/µl) (1 µl), E. coli DNA polymerase I (10 units/µl) (4 µl)

and E. coli RNase H (2 units/µl) (1 µl) to give a total volume of 150 µl. The mixture was

vortexed gently and the reaction incubated at 16oC for 2 hours. Finally 2 µl (10 units) of

T4 DNA polymerase was added and the mixture was heated at 75oC for 10 minutes

before being placed back on ice. This allowed subsequent ligation of adapters by blunt

ending the termini of the cDNA. The resultant 152 µl of cDNA produced from second

strand synthesis was purified as described in Section 2.2.9.1.

2.3.10   SalI adapter ligation

Efficient cDNA cloning requires the addition of primer adapters such as NotI and SalI to

allow directional cloning into the vector pSportI. Using the SalI adaptors from the

Invitrogen kit the following reaction was set up: second strand cDNA (10 µl), 5× T4

DNA ligase buffer (4 µl), SalI Adaptor (2.5 µl) T4 DNA ligase (1 unit/µl) (1.0 µl),

sterile distilled water (2.5 µl) for a total volume of 20 µl. The reaction was incubated

overnight at 16oC in a water bath before being placed into a 65oC water bath for 10

minutes and the reaction terminated by placing on ice. The 20 µl reaction was purified

using Qiagen MinElute PCR purification kit outlined in 2.2.9.1.

2.3.11   NotI Digestion

The digestion with NotI removes a portion of the primer adapter located at the 3’ end of

the cDNA. The 10 µl of purified adaptor ligated cDNA (Section 2.3.10) was digested in

the following reaction: the adapter ligated cDNA (10 µl) and 10× React 3 buffer (2 µl)

was mixed together before the addition of the enzyme NotI (2 µl) and sterile distilled

water (6 µl) to give a total volume of 20 µl. The reaction was then incubated at 37oC for

2 hours before the temperature was raised to 65oC for 20 minutes and the reaction then

terminated by placing on ice. The full reaction was then size fractionated through a 1%

(w/v) low melting point agarose gel (Sigma-Aldrich), containing 0.5 µg/ml of EtBr, for
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approximately 20 minutes. A gel slice containing cDNA larger than 500 bp was excised

using a sterile scalpel and the cDNA purified using the Qiagen MinElute gel extraction

kit (Section 2.2.7).

2.3.12   Ligation of cDNA to the pSport1 vector

Using the pre-cut (SalI – NotI) vector from Invitrogen the digested and size selected

cDNA was directionally ligated into the pSport I vector as follows: cDNA (4 µl) 5×

ligase buffer (2 µl), 50 ng pSport I, pre-cut (1 µl), T4 Ligase (0.5 µl) and sterile distilled

water (2.5 µl) to give a total reaction volume of 10 µl. The reaction was incubated

overnight at 4oC then stored at -80oC prior to transformation into E. coli.

2.3.13   Transformation of cDNA

Electrocompetent E. coli host cells (ElectoMAX DH10B, Invitrogen) were removed

from -80oC storage and 20 µl aliquots transferred to sterile microfuge tubes. One

microlitre of ligation reaction was added to each 20 µl aliquot (3 for ‘Glen Moy’ and 3

for ‘Latham’ for each stage) on ice before the 21 µl were transferred into chilled 1 mm

electrode gap cuvettes. The samples were electroporated in turn at 1.8 KV with a 25 μF

capacitance resistance (Gene Pulser, BioRad) and 1 ml of SOC media added

immediately before the samples were transferred to a 15 ml centrifuge tube and

incubated for 1 hour at 37oC with moderate shaking. Following incubation 20 µl, 50 µl

and 100 µl of each sample were aseptically plated onto plates containing LBAmp/X-

gal/IPTG (100 µg/ml ampicillin, 40 µg/ml X-gal and 20 µg/ml IPTG) media and

incubated overnight at 37oC to allow calculation of colony forming units. The remainder

of the transformed cDNA was stored at 4oC until required.

2.3.14   Insert check of transformed cDNA

A selection of white colonies (eight samples) were individually selected from each 50 µl

transformed plate (Section 2.3.13) and placed into separate wells of a PCR plate

containing 10 µl sterile distilled water. After 30 minutes 1 μl of each sample was

removed as template for a standard 25 µl PCR reaction using M13 universal forward and
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reverse primers (Section 2.2.9.5.1). A 25 l reaction contained 25 ng template DNA,

1.0 M forward and reverse primers, 0.2 mM dNTPs and 0.1 units Taq polymerase.

PCR conditions were: denature at 94oC for 1 minute, anneal at 57oC for 1 minute, extend

at 72oC for 1 minute, and a final extension at 72oC for 8 minutes before holding at 4oC.

The PCR products were visualised by electrophoresis of 5 µl of each sample on a 1%

(w/v) agarose/TBE gel (Section 2.2.6).

2.3.15 Large scale library preparation

LBCarb/X-gal/IPTG (100 µg/ml carbenicillin, 40 µg/ml X-gal and 20 µg/ml IPTG)

Q-plates (22.2 cm by 22.2 cm) were collected and allowed to dry for around 3 hours in a

laminar flow cabinet, turning each plate every hour. Appropriate volumes of each

sample were aseptically transferred to individual Q-plates to give a density of between

2000 to 3000 colonies before being incubated at 37oC overnight. Once the colonies had

grown to a sufficient size the blue/white separation was enhanced by transferring the

plates to 4oC for 2 hours. The white colonies were then picked into 384 well plates

containing prepared LB freezing media (Section 2.3.16) using the automated Q-Bot.

2.3.16   Genetix Q-Bot colony selection

The Q-Bot (Genetix, Hampshire, United Kingdom) consists of an imaging system which

is capable of scanning and analyzing a complete plate in order to distinguish between

colonies. Linked to a computer with a robotic arm and picking head attachment the

Q-Bot scans and selects only white colonies present on each plate based on pre-set

criteria. The Q-Bot was set up under standard conditions with pin head checks, picking

height and camera alignment set. The three baths were filled to allow the cleaning of the

pin head with 70% (v/v) ethanol, sterile distilled water and 70% (v/v) ethanol. The

plastic base was used instead of the metal base for plates to sit on in order to allow more

light through, aiding colony selection. Colour parameters were set to ensure high quality

white colonies were selected with no blue traces. A 384 well plate for each library was

prepared for individual colony selection as follows. The sterilised manifold was attached
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to the Q-filler and a 500 ml bottle containing prepared LB freezing media (20 g/l Bacto

tryptone, 10 g/l Bacto yeast extract, 10 g/l NaCl, 36mM K2HPO4, 13.2 mM KH2PO4, 1.7

mM Na3 citrate, 0.4 mM MgSO4, 6.8 mM (NH4)2SO4, 4.4% glycerol) and ampicillin

(100 ng/µl) was connected. Seventy microlitres of prepared media were transferred into

384 well plates which were then placed into the Q-Bot hotel ready for colony selection.

The colonies were allowed to grow overnight at 37oC before covering with PCR

adhesive foil seal (Thermo Scientific) preventing the risk of contamination and these

were stored prior to library construction at -80oC.

2.3.17   EST library construction

2.3.17.1   Overnight cell growth

The EST libraries produced for stage 2 (green/red) fruit and stage 3 (red ripe) fruit for

cvs. Glen Moy and Latham (Section 2.3.16) were removed from -80oC storage and

thawed at room temperature. Two times LB media (20 g/l Bactotryptone, 10 g/l Bacto

yeast extract and 10 g/l NaCl) was prepared with the addition of ampicillin 100 mg/ml

(500 µl in 500 mls): 1 ml of this solution was then added to each well of a 96 deep well

plate for a total of 4 plates (384 colonies) for each of the libraries produced (16 plates in

total). To each well, 5 µl of cDNA was added using a multichannel pipette in the laminar

flow cabinet. Each plate was covered with a gas permeable adhesive seal and incubated

overnight at 37oC with shaking. Large scale plasmid minipreparations, (Millipore) were

then carried out on all of the 96 well plates (Section 2.2.9.5) and the integrity of the

plasmid DNA analysed by electrophoresis of 8 samples per plate (Section 2.2.6) using

3.5 µl of plasmid DNA on a 1% agarose gel. cDNA clones were then sequenced using

M13 forward primer in order to sequence the 5’ end of the cDNA insert, as described in

Section 2.2.9.5.1.

2.3.17.2   cDNA sequencing clean up using Genetix Genclean

The cDNA was then prepared for sequencing by following the Genetix Genclean

protocol (Bioexpress, Kaysville, USA). The foil wrapped plate was removed from the

fridge and the buffer eluted by centrifuging on top of a wash plate for 5 minutes at
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1,000 × g. To each well 30 µl of distilled water was added before centrifuging for a

further 5 minutes. The plate was placed on top of a collection plate and the 10 µl

sequencing reaction was transferred slowly to the centre of each well. The plate was

centrifuged for 5 minutes and the elution containing the sequencing reaction sent for

sequence analysis on an ABI 3730 DNA sequence analyser (Applied Biosystems) at the

SCRI Sequencing and Genotyping Service.

2.3.17.3   cDNA sequence analysis

cDNA sequences were quality scored using Phred Software (http://www.phrap.com)

before undergoing analysis using NCBI (http://www.ncbi.nlm.nih.gov) databases for the

identification of similar sequences using BLAST algorithms (Woodhead et al., 2008).

Manual examinations of sequences were performed to identify consistent

polymorphisms (Section 2.2.9.5.2) and primers were designed to these sequences using

Primer3 (Section 2.2.5).

2.3.17.3.1   Sample preparation for genotyping

PCRs were performed (Section 2.2.4.1) on the 188 individuals of the mapping

population, for a selection of polymorphisms identified within cDNA library contigs,

using fluorescently labelled 5’ end primers (FAM or HEX). Successful amplification

was confirmed by gel electrophoresis (Section 2.2.6) and products were diluted as

required before submission for genotyping. For each sample, 60 µl of sterile distilled

water was added to each PCR well and 2 µl of this diluted sample was transferred to a

new PCR plate. A mixture containing 4 µl of ROX™ (Applied Biosystems) and 495 µl

of HI DI™ formamide (Applied Biosystems) was prepared and 8 µl of this was added to

each of the PCR wells. The samples were subsequently sent for genotypic analysis on an

ABI 3730 DNA sequence analyser (Applied Biosystems) to the SCRI Sequencing and

Genotyping Service.

http://www.phrap.com
http://www.ncbi.nlm.nih.gov
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2.4   Materials and methods for validation of quality QTLs (Chapter 5)

2.4.1   Plant material

Twelve individual raspberry cultivars were selected for QTL validation based on

phenotypic characteristics. The primary characteristic of interest was colour with

individuals selected including red, purple, black and yellow raspberry samples (Table

2.3).

2.4.2   DNA extraction

DNA was extracted from young expanding leaves from the 12 samples obtained from

plants grown in pots in SCRI glasshouses which were maintained at 20oC (16/8hrs

day/night) as described in Section 2.2.2.

2.4.3 Candidate genes selected for QTL validation

The candidate genes listed in Table 2.4 were utilised for validation of QTLs previously

detected in the ‘Glen Moy’ × ‘Latham’ population. The genes were selected on the basis

of their location within the QTL region of interest (Chapter 5) and genotypic and

sequence analysis carried out in order to fully assess polymorphisms within a wider

genetic background (Sections 2.4.3.1 and 2.4.4).
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Table 2.3. Raspberry cultivars selected for QTL validation

Germplasm used for QTL comparisons

Blacknight Black raspberry

Blacksatin Black raspberry

Glen Coe Purple fruit

Williamette Spinefree Darkest red raspberry

Chilliwack Very dark red raspberry

Malling jewel Dark red fruit

Prestige Yellow receptacles, red fruit

Rose de cote d’or Very aromatic , red fruit

Glen Ample Quality, flavour and size, bright red

Tulameen Flavour, quality and glossy, red fruit

Glen Shee Very pale red fruit

Golden Queen Yellow Fruit

Table 2.4. Candidate genes selected for QTL validation and method of analysis

Genotypic Analysis Sequence Analysis Pyrosequence® Analysis

basic helix loop helix

(bHLH)

Tonoplast intrinsic protein Tonoplast intrinsic protein

MYB Membrane intrinsic protein 3 Membrane intrinsic protein 2

118b Flavonol synthase Flavonol synthase

Expansin

Anthocyanin reductase

Dihydroflavonol 4-reductase
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2.4.3.1   Polymerase chain reaction

Ten microlitre PCR reactions were performed for all candidate genes selected for

analysis of diverse germplasm, via sequencing or genotyping, using the primer pairs as

per Appendix 2.3a and 2.3b. A typical 10 μl reaction contained 25 ng DNA, 1.0 μM

each primer, 0.2 mM dNTPs, 1× PCR buffer (100 mM Tris-HCl, 15 mM MgCl2, 500

mM KCl, pH 8.0) and 1 unit Taq DNA polymerase (Roche). For samples analysed via

Pyrosequence® analysis a 25 µl PCR reaction was performed as per Section 2.2.10.3.

The primers used for QTL validation were the same primers utilised for mapping

populations which resulted in initial QTL association on the linkage map. The PCR

reactions were carried out using a Perkin Elmer 9700 Thermal Cycler (Applied

Biosystems) using the touchdown protocol described in Section 2.2.4.2. Products were

analysed by electrophoresis as described in Section 2.2.6.

2.4.4 Preparation of samples for sequence clean up and analysis

Exo Sap-it® (USB Corporation, Ohio, USA) is a convenient technique for the

preparation of PCR products for direct sequencing. Following PCR amplification, Exo

Sap-it® was added to the amplified product where the enzyme Exonuclease I degrades

single-stranded primers and shrimp alkaline phosphatase dephosphorylates the

remaining dNTPs from the PCR mixture. Two microlitres of Exo Sap-it® was added to

5 μl of PCR product for subsequent sequence analysis. Samples were incubated at 37oC

for 15 minutes, 80oC for 15 minutes followed by a 4oC hold. After this incubation the

primers used for analysis were diluted 1 in 10 to give 10 mM concentrations and all

samples were sent for sequence analysis using an ABI Prism 3730 DNA analyser

(Applied Biosystems). Samples which were quantified by genotypic analysis were

prepared as detailed in Section 2.3.17.3.1, and samples for Pyrosequence® analysis were

prepared as described in Section 2.2.10.3. All samples were then examined for the

presence of polymorphisms, as previously identified within the mapping parents, to

assess the transferability of markers identified within a segregating population to a wider

genetic pool.
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Chapter 3   Phenotypic analysis and correlations

3.1   Introduction

The term phenotype is derived from the Greek term “phainein” which means to appear,

and denotes particular characteristics expressed in an individual (Wolfe et al., 2007).

Phenotypic traits expressed in plants are controlled by genes and the combination of

alleles or variations within the genes are classified as the plant’s genotype. Any effect

exerted on the phenotype of an organism by the actions of the environment cannot affect

the underlying genotype (Andrade, 2006). Organisms which contain the same genotype

will not necessarily look or behave in the same manner, as many phenotypic aspects are

modified by developmental or environmental conditions. Likewise not all organisms

which look the same will have the same genotype (Kole and Abbott, 2008).

3.1.1 Phenotypic traits of visual importance

Quality considerations are paramount to the success of any raspberry variety, with visual

traits important for initial purchase and acceptability. Colour, shape and size are the

most obvious attributes involved in fruit quality as these are the first characteristics

observed by potential consumers. It is these visual traits which consumers relate to

acceptability of fresh goods while making assumptions relating to fruit maturity and

quality. If fruit appears too dark it is often regarded as being over ripe whereas too light

a fruit may be regarded as under ripe (Traveset and Willson, 1998). The development

and introduction of new raspberry varieties can take between 8 and 15 years due to the

highly heterozygous nature of this perennial fruit crop and even then selected quality

traits would be difficult to screen for due to the limited resources breeders have available

today (Graham et al., 2004). Conventional breeding relies on phenotypic selection of

desirable traits, along with the elimination of undesirable ones, through successive

generations. This requires each generation to be tested in relation to phenotypic

characteristics and processing traits which in perennial crops is a slow, demanding and

expensive process.
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3.1.1.1 Fruit colour

Colour of fruit not only directly affects appearance, desirability and associated freshness

but is also an important determinant of flavour and acceptability (Bridle and Timberlake,

1996). Many factors contribute to colour in raspberries including anthocyanin content,

enzymatic reactions, pH, ascorbic and organic acids content (de Ancos et al., 1999).

Many attempts have been made to evaluate the role of colour cues (for review see,

Clydesdale, 1993; Delwiche, 2004) which have been shown to influence perceptions in a

variety of food and drinks (DuBose et al., 1980; Garber et al., 2000; Roth et al., 1988;

Zellner and Durlach, 2003; Zampini et al., 2007). Adding red colouring to strawberry

flavoured sucrose solutions, for example, increased perceived sweetness (Johnson et al.,

1983). Du Bose et al. (1980) reported sensory assessors were less accurate in identifying

fruit flavour in drinks when colour was masked with only 20% correct compared with

100% unmasked. It was also found that 40% of participants identified a cherry flavoured

beverage as orange when so coloured (Du Bose et al., 1980; Zampini et al., 2007).

Colours typically associated with fruit ripening may also be particularly effective at

modulating sweetness perceptions (Maga, 1974).

3.1.1.2   Fruit Size

Size is a visually important trait for consumer acceptance of fresh fruit. In tomato, fruit

size has been improved in many cultivars since domestication from wild progenitors

(Causse et al., 2004). Although this trait is found to be highly heritable, it is thought that

several separate genes, many of which may be influenced by the environment, may

determine this trait in tomato (Causse et al., 2004). Developmental studies have

subsequently indicated size as a function of the number of cells present within the ovary

prior to fertilisation, the number of successful fertilisations, the number of cell divisions

within developing fertilised fruit and the extent of cell enlargement following

fertilisation (Bohner and Bangerth, 1988; Gillaspy et al., 1993; Lippman and Tanksley,

2001).
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In strawberry a negative correlation was identified between fruit size and the majority of

nutritional quality parameters such as soluble solids and titratable acidity (Capocasa et

al., 2008).

3.1.1.3   Total soluble solids content

Total soluble solids and acidity of fruit are important factors in flavour quality. The soft

fruit industry uses the total soluble solid content, in the form of oBrix, as a measure of

quality to make decisions on individual varieties prior to purchasing fruit from growers.

A berry with high sugar content and high acidity produce good berry flavour whereas

low sugar and high acid form tart fruit, while low sugar and low acid result in a bland

tasteless fruit (Wang et al., 2009). In table grape it is advantageous to have a cultivar

with a high ratio of tartaric to malic acid as this improves wine’s stability. In terms of

palatability, however, a lower ratio of tartaric to malic acid is desirable as this improves

flavour and mouthfeel (Liu et al., 2007). As with most food products the organoleptic

quality of grapes is described as being dependent on the content and composition of both

sugars and acids and these traits should be considered paramount for the selection of

new cultivars (Liu et al., 2007). Studies by Liu et al. (2007) concluded that parental

sugar content in grape has no significant bearing on the sugar content of the progeny.

The same is not true for acid content which is highly heritable and parents with high

tartaric acid should be selected in order to obtain this trait within progeny.  While many

breeding programmes have succeeded in improving the overall sugar and acid content

(oBrix) in tomatoes this most often occurs with a decrease in fruit size (Chen et al.,

1999). Lecomte et al. (2004) could offer no physiological explanation for the

relationship between oBrix and weight but proposed that the increase in fruit size may be

causing a dilution of oBrix content.

3.1.2   Protected cultivation practices

Many growers have recorded significant increases in fresh fruit production since the

introduction of protected cultivation. This can be improved upon even further with the

introduction of new varieties of high quality cultivars capable of sustained production
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throughout the fruiting season while utilising a protected cultivation environment (Zhao

et al., 2007). In some areas in Southern Spain 100% of fresh market grown raspberries

are produced under tunnels. These changes in agronomic practice can have an effect on

many aspects of plant growth from seasonality and quality to a shift in pressures exerted

by pests and pathogens (for review see Graham and Woodhead, 2009). The production

of melons, an important commercial crop in Italy, is influenced strongly by external

weather conditions but availability can be expanded by the utilisation of protected

cultivation (Ferrante et al., 2008). The changing climate experienced in the UK and

throughout Europe is already a major consideration for future soft fruit production with

mild winters leading to poor bud break in several soft fruit species (Graham et al.,

2008). High quality raspberry cultivars, which can adapt to the challenges faced by their

environment, are fundamental for the future expansion of the UK raspberry industry.

3.1.3   Marker assisted breeding

Marker assisted breeding (MAB) is the application of molecular markers, which have

shown association (linkage) to genes involved in desirable traits, for selection in

potential new cultivars as opposed to plant selection on the basis of phenotypic

behaviour alone (Kellerhals et al., 2000).  As demands for new cultivars with improved

organoleptic traits increase, fruit breeders require alternative strategies to improve

efficiency and reduce time for new varieties to be produced (Kenis et al., 2008).  MAB

may take the form of presence or absence markers which may be used as a substitute for,

or concurrently with, phenotypic selection which may aid efficiency and reliability when

compared with conventional breeding (Mohan et al., 1997). These markers can be

utilised at the seedling stage of new cultivar development which would allow selection

of individuals with favourable combinations of multiple fruit quality traits (Kenis et al.,

2008). Rubus is a highly heterozygous species which requires large numbers of progeny

to be phenotypically screened in order to identify potentially promising genotypes

(Jennings, 1988). The deployment of marker assisted breeding strategies could therefore

yield substantial economic benefits to the producer, while producing high quality, fresh

fruit with recognised health, economic and environmental benefits to the consumer.
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In order to develop MAB strategies for premium sensory characteristics in raspberry, it

was necessary to evaluate a population which segregate for traits of interest across a

variety of environmental conditions. In this chapter, a segregating population was

assessed to evaluate a range of phenotypic quality traits for subsequent genotypic

analysis including the identification of QTL regions which may contain genetic markers

or candidate genes which can be screened as part of a MAB strategy. This raspberry

population was replicated over three environments with analyses performed over three

seasons to account for any environmental influence on phenotypic traits of interest.

3.2   Results

3.2.1 Fruiting season one, July 2006

3.2.1.1   Plant material for phenotypic data collection in 2006

The mapping population used for analysis consists of a cross between the European red

raspberry cv. Glen Moy and the North American red raspberry cv. Latham as described

in Section 2.1.1. The phenotypically diverse parents can be seen in Figure 3.1. Season

one analysis was carried out on fruit samples from one location only, the field site at

SCRI, planted in the summer of 2002. One location was selected to enable a high

volume of samples to be analysed, with multiple clones for each individual assessed.

This was done to establish experimental parameters and assess variability for subsequent

seasonal analysis. Approximately 150 individual progeny were chosen from the 188

used for mapping (Section 2.1.1) and samples were analysed for clone 1 and clone 2 and

also repetition 1 and repetition 2 giving a total of four plants per individual.

Ripe fruit was collected from all samples as described in Section 2.1.2 from 7th of July

2006 until 26th July 2006.
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Figure 3.1. The phenotypically diverse parents used in the construction of a

segregating mapping population. The European cv. Glen Moy with large, thimble

shaped, pale red fruit (left) and the North American cv. Latham which produces small,

round, dark red fruit (right).
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3.2.1.2   Seasonal Data for 2006

Seasonal analysis carried out in 2006 by the meteorological department at the SCRI,

Dundee, recorded temperature increases throughout the year which were higher than the

long term averages for all months except March, which at 6.8oC was the lowest

temperature recorded in 10 years. The most significant months were June, July and

September which recorded the highest temperatures on SCRI records, Table 3.1 (SCRI

meteorological records, 2006). The total sun hours recorded in 2006 were particularly

high from April through to August with a mean of 206 hours of sunshine per month.

3.2.1.3   Colour meter analysis

A chroma meter (Minolta, CR-110) was used to analyse sample colour for the detection

of variations between progeny as detailed in Section 2.1.4. The Yxy measurements were

used to assess the sample brightness and the L*a*b* analysed individual colour

composition. A further analysis, ΔE, is a measurement of colour deviation which

represents the total colour difference within samples, as calculated in the equation in

Section 2.1.4.

3.2.1.3.1   Analysis of variance

Analyses of variance (ANOVA) were performed to estimate mean sample response from

each of the repetitions and clones analysed in 2006 in order to test for differences which

may be present between sample means within one environmental location. This analyses

measures the distribution (spread) contained within a data set to allow the information

from different environments/genotypes to be combined in a single analysis. While this

analyses was carried out for all phenotypic traits analysed in 2006 it was found that

within a single environment, regardless of clone or repetition location, only sample

genotype contributed significantly to the variations detected (p <0.001).
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Table 3.1. Seasonal analysis showing temperature measurements across season 1.

Monthly weather means and totals for 2006

Month Total
rain mm

Days
rain

>0.2mm

Days
rain

>0.1mm

Total
sun

hours

Mean
soil

20oC

Mean air
max oC

Mean
air

min oC
January 23.2 13 7 30.2 3.3 7.0 0.9
February 24.4 12 7 73.3 3.0 7.1 0.7
March 118.5 20 19 77.8 3.2 6.8 0.8
April 6.2 8 2 212.5 6.9 12.4 2.7
May 68.2 16 12 215.2 10.6 14.7 5.5
June 41.0 9 5 187.4 15.6 19.4 9.6
July 34.0 9 6 217.0 18.4 22.5 12.3

August 54.6 10 6 199.6 16.1 20.4 10.8
September 88.3 19 11 125.8 14.3 19.0 11.1

October 109.8 17 14 79.6 11.0 14.6 8.2
November 72.5 19 13 80.3 6.0 10.6 3.3
December 69.0 16 12 60.5 4.1 7.9 1.8
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3.2.1.3.2   Colour meter correlations

Although Yxy and L*a*b* measured different elements of colour attributes, statistical

analysis suggested that in terms of significance and correlations, they were analysing the

same parameters. The scatter plot matrix (Figure 3.2), plotted using Genstat 10 for

Windows, shows the correlation between colour measurements Yxy and L*a*b* for one

clone analysed in 2006. In order to establish the strength of association between two

random variables, the oldest and most common method utilises the Pearson correlation

coefficient (PCC) (Daly et al., 1995). The PCC is described as a quantity which is

denoted by the term ‘r’ with values recorded between +1 and -1. The absolute value of

‘r’ is the measurement of the strength of variable association and the further the ‘r’ value

is from 0 the stronger the variable relationship is. If the bivariate data is plotted on a

graph and results in a straight line with a positive slope then the PCC shows the value of

+1. If however, the data has a straight line with a negative slope the PCC takes the value

of -1. If no straight line is plotted and the PCC is 0 then the two variables are regarded as

uncorrelated. Correlations were recorded for each of the colour meter measurements and

significant linear relationships were identified between Y and L* (r = 0.973), x and a*

(r = 0.969) and y and b* (r = 0.869). Two samples which are identical would show a

correlation of r = 1.0, results of >0.3 are significant for this sample size, and the closer

two samples are to 1.0 the higher their significance. This confirmed that the

measurements Yxy and L*a*b* were measuring the same aspects of colour but on

different scales.



93

Figure 3.2. Scatter plot matrix showing the linear relationship between Yxy and

L*a*b* in 2006 for repetition 1, clone 1 (R1C1) from the field site at SCRI. The axis

show the individual colour measurements; reflection (Y), intensity (x), wavelength (y),

brightness (L*), green/red (a*) and blue/yellow colour spectrum (b*). The white

highlighted boxes show the linear relationship detected between the colour parameters Y

and L*, x and a* and y and b* although positive relationships can be seen between all

colour meter measurements.
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While all measurements were analysed and recorded, only one set of measurements are

referred to from here on and those relate to Yxy assuming Y = L*, x = a* (x also shows

a positive linear relationship with b*) and  y = b*.

3.2.1.3.3   Colour variation in different weights analysed

In order to ensure consistent colour meter analysis, careful preparation of samples were

required as detailed in Section 2.1.4.2. This involved testing samples using different

blenders, fresh fruit weight and puree sample weight. Once reproducible results were

obtained a summary of statistics for each individual measurement (Yxy) for both 15 g

and 10 g was carried out and resulted in no significant difference being recorded for the

separate measurements across two field replicates. Correlations for the two weight

differences show all clones and repetitions are highly similar with figures of r = 0.942,

0.926, 0.951 and 0.907 for each of the repetitions and clones analysed (p <0.001).

It can be seen from the box plot in Figure 3.3 that measurements obtained for each of the

clones and repetitions analysed were similar for both 10 g and 15 g weights. As a result

only 15 g samples were analysed in subsequent seasons. Although differences in sample

reflection (Y measurements) between individual progeny were recorded within the SCRI

field site (p <0.001), the measurements for the separate clones and repetitions remained

consistent with no significant differences attributed to individual plant location (p =

0.537).

The Y values (sample reflection/brightness) recorded across the repetitions and clones

ranged from a minimum of 11.8 (R1C2) to a maximum of 18.7 (R2C1) with a mean

across the progeny of 15.1 for 10 g fruit samples. In 15 g fruit the minimum was 11.0

(R1C1) and the maximum was 18.7 (R2C1) with a mean measurement of 15.1.
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Figure 3.3. Colour meter measurements for fruit brightness (Y) for two weights, 10 g

and 15 g analysed across four individual clones from the field site at the SCRI in 2006.

Samples annotated with an ‘a’ (first four measurements) are 10 g weight, samples

without an ‘a’ are 15 g weight (last four measurements). The horizontal bar in the

middle of the individual boxes denote the median of samples, the upper hinge indicates

the 75th percentile or upper quartile range, and the lower hinge the 25th percentile or

lower quartile range while the range in the middle of two quartiles is the inter-quartile

range. The whiskers protruding from either end of the box signify the minimum and

maximum values while the samples denoted by the green x are values outwith the 1.5

times maximum range covered by the whiskers and are indicative of potential outliers.
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3.2.1.4   Analysis of total soluble solids

Brix is a measurement of the total soluble solids (TSS) contained in a fruit sample.

Named after the German inventor A.F.W. Brix in the 19th Century degrees Brix (oBrix)

initially analysed the specific gravity of a liquid to assess sample quality

(Shachman, 2004). The density of the liquid, in relation to pure water, was then

calculated assuming that 1 g of sugar is present per 100 g of juice. As technology has

progressed and the specific gravity of sucrose solutions is known, the soluble solids

content is now measured using a refractometer (Shachman, 2004). Degrees Brix is equal

to grams per 100 ml juice at 20oC therefore 1 oBrix corresponds to ca. 18 g/l sugar

(Liebhard et al., 2003).

Statistical analysis of oBrix juice measurements recorded highly significant differences

between individual progeny (p <0.001) but no significant differences were recorded

between clones or replicates (Figure 3.4).
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Figure 3.4. oBrix values obtained for sample fruit juice from the field site in 2006. The

median (middle horizontal bar), minimum (lower horizontal bar) and maximum (upper

horizontal bar) values for total soluble solids for samples analysed across all four clones

show minimal variation due to the field location of individual samples as reflected in the

similar box plot pattern obtained for each clone. The four clones analysed were from

R1C1, repetition 1 clone 1, R1C2, repetition 1 clone 2, R2C1, repetition 2 clone 1 and

R2C2, repetition 2 clone 2. The box plot can be interpreted as described in Figure 3.3.
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3.2.1.4.1 Comparison of oBrix measurements between sample juice and puree

As each sample was subsequently blended for colour analysis, a few drops of pureed

sample was also analysed in order to allow a direct comparison to be carried out between

the soluble solid content of both raspberry juice and blended puree. Although slight

differences were recorded for the oBrix measurements depending on the source of

sample analysed, squeezed juice or blended puree, the differences were consistent for

corresponding samples and correlations were recorded across all clones (Figure 3.5).

This box plot shows comparable results for individual samples obtained across all four

clones in 2006 regardless of the source of sample material analysed. In terms of quality

analysis carried out by the soft fruit industry, it is standard practice for oBrix to be tested

on fruit juice. As no significant differences were recorded between the two preparations

(p = 0.103) only fruit juice samples were analysed in subsequent seasons.

Fruit juice samples produced measurements in the range of 3.2 to 12.2 with a mean of

7.6. For blended samples the minimum range was 3.8 with a maximum of 10.4 and a

mean result of 7.2.
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Figure 3.5. oBrix measurements obtained from fruit juice and fruit puree samples from

the field site in 2006. Fruit juice samples are annotated with a ‘J’ (first four samples),

while blended puree samples are identified with a ‘B’ (last four samples). The plots

obtained for each of the clones, regardless of sample source, remained consistent with

minimal variation recorded. The four clones analysed for each sample source were

R1C1, repetition 1 clone 1, R1C2, repetition 1 clone 2, R2C1, repetition 2 clone 1 and

R2C2, repetition 2 clone 2. The box plot can be interpreted as described in Figure 3.3.
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3.2.1.5   Ten berry weight

Ten berries were selected at random from labelled polythene bags collected from each

individual (Section 2.1.2) giving an indication of fruit size per plant. Statistical analysis

of sample weight found significant differences in measurements between individual

progeny (p <0.001) with consistent results being recorded between clones and

repetitions. It can be seen in the box plot (Figure 3.6) that sample weights across all four

plant’s from the field site remained consistent with a mean of 20 g per 10 berries

selected. The variability of progeny weights ranged from 8.7 g to 37.0 g for 10

individual berries sampled from any one plant.

Following multiple clone analysis carried out in 2006, it was found for all traits

analysed, colour meter, oBrix and ten berry weights that while significant variations

were detected between progeny, there were no significant variations between individual

clones or repetitions. As a result of these findings only one clone per individual was

assessed in subsequent seasons from each environmental location.
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Figure 3.6. Ten berry weight measurements recorded from the field site in 2006. The

variations in sample weight detected in one season, for the analysed progeny, recorded a

consistent pattern across all four clones as shown in the box and whisker plots generated

for each of the clones analysed. The box plot can be interpreted in full as described in

Figure 3.3. The four clones analysed per individual were from R1C1, repetition 1 clone

1, R1C2, repetition 1 clone 2, R2C1, repetition 2 clone 1 and R2C2, repetition 2 clone 2.
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3.2.2    Fruiting season two, July 2007

Full analysis was carried out across three environmental locations based on results

obtained from season one. The addition of visual colour analysis was initiated in season

two in order to assess any relationship between colour meter analysis and perceived

visual colour observation.

Analyses of variance (ANOVA) were performed in 2007 and 2008 with genotype, site

and years as fixed effects. For all analyses carried out, significance levels were set at

p <0.05 and were performed using Genstat 10 for windows. Due to the inability to

replicate seasons, the samples analysed in 2007 and 2008 underwent regression analysis

in order to assess the variability expressed by the two independent seasons.

3.2.2.1   Plant material for phenotypic data collection in 2007

Season two analysis consisted of three environmental locations. The open field at SCRI,

Dundee (Section 2.1.1.1), as assessed in season one, a protected site at SCRI, Dundee,

(Section 2.1.1.2) and a protected site on a commercial farm, Blairgowrie, Perthshire,

(Section 2.1.1.3) which can be seen in Figure 3.7. For season two, fruit was picked

across the three sites once the majority of fruit reached stage 6, red ripe (Section 2.1.3).

This was achieved by visiting each site up to three times a week until all progeny had

reached the appropriate stage for selection. The mapping population of 188 individuals

were analysed, where available, across each site consisting of one clone and one

repetition.

Ripe fruit was collected from the protected site at Blairgowrie from 2nd July to 16th July,

from the field site at SCRI from 3rd July to 17th July and from the protected site at SCRI

from 11th July to 27th July 2007.
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Figure 3.7. Three environmental locations analysed in 2007. Open field SCRI, Dundee

(top), polytunnel, SCRI, Dundee (middle), polytunnel, Blairgowrie, Perthshire (bottom).
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3.2.2.2   Seasonal Data for 2007

Although 2007 recorded higher average maximum temperatures than the long term

averages for most of the year it also recorded a higher annual rainfall. June and July of

2007 recorded almost twice the level of expected rainfall with 104.6 mm and 117.3 mm

respectively, while April was especially dry with only 11.4 mm of rainfall which was a

quarter of the long term average rainfall for this month as recorded in Table 3.2 (SCRI

meteorological records, 2007). The average sunshine hours recorded from April to

August 2007 had a mean of 163 hours which was considerably lower than the equivalent

months in 2006 (average 206 hours).
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Table 3.2. Seasonal analysis showing temperature measurements across season 2.

Monthly weather means and totals for 2007

Month Total
rain mm

Days
rain

>0.2mm

Days
rain

>0.1mm

Total
sun

hours

Mean
soil

20oC

Mean air
max oC

Mean
air

min oC
January 71.0 16 11 56.5 11.8 9.0 2.4
February 91.1 17 14 64.5 12.6 8.8 2.4
March 38.2 11 7 131.1 15.9 10.6 3.0
April 11.4 6 4 194.4 15.7 15.3 5.6
May 58.1 15 8 205.2 15.5 14.3 6.0
June 104.6 12 10 90.3 12.0 16.0 10.0
July 117.3 22 18 153.7 11.1 18.5 10.4

August 76.2 13 8 170.3 5.5 19.0 10.0
September 19.7 9 4 149.2 0.0 17.5 8.3

October 25.6 6 3 117.9 0.0 14.5 6.0
November 89.6 13 12 59.2 0.0 10.6 4.2
December 38.7 13 9 25.8 0.0 6.8 -0.3
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3.2.2.3   Colour meter analysis

Summary statistics were calculated for each individual measurement (Yxy) for 15 g fruit

samples measured in 2007 as detailed in Section 3.2.1.3. In season 2, the mapping

population, where available, was analysed across the three environmental locations in

order to assess sample variability.

Colour brightness, denoted by the Y measurement, showed little variation across the

three environmental sites (p =0.799) in one season as seen in the box plot in Figure 3.8.

The median sample brightness (Y) across all sites was consistent within one season with

only slight differences recorded in the minimum (SCRI protected site) and the maximum

(SCRI protected site). It can be seen that sample brightness was consistent within any

one season regardless of the environmental location.
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Figure 3.8. Colour meter analysis of sample brightness (Y) in 2007 across three

environmental sites. Field_Y represents SCRI field site, Poly_Y were SCRI protected

samples and Comm_Y were the commercial protected samples. The horizontal bar in the

middle of the box represents the median of samples, the upper hinge indicates the upper

quartile range, and the lower hinge is the lower quartile range while the range of the

middle two quartiles is the inter-quartile range. The whiskers protruding from either end

of the box signify the minimum and maximum values while the outlying samples,

denoted by the green x, are values outwith the 1.5 times maximum range covered by the

whiskers. The red x illustrates an isolated individual which recorded an extreme value

which was higher than all other samples analysed.
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3.2.2.3.1  Visual colour analysis

In order to ascertain the relationship between colour meter analysis and perceived

colour, a visual assessment was carried out on individual fruit samples while still on the

bush. The fruit was assessed on a 1 to 5 scale as described in Section 2.1.4.3. In order to

maintain consistency the fruit was analysed from the same side of the bush at the same

time of day to reduce any sun/shade errors. As the fruit were assessed across the

ripening season, plants were harvested only when around 80% of the bush had reached

the red ripe stage (Section 2.1.3) and providing fruit detached from the receptacle with

ease. From this it was assumed that fruit samples which differed in colour intensity were

as a result of genotypic variation and not a variation in ripeness. The visual colour

results obtained across the three environments were compared in a histograph which can

be seen in Figure 3.9.

The samples from the open field show a higher number of individuals being scored as

lighter in colour (scores 1 and 2) compared with those found under polytunnel. The

protected site at SCRI shows a consistent number of samples being rated as darker in

colour (scores 4 and 5). A similar trend was also found for the commercial samples.

Parameters measured by the colour meter were examined for correlations with the visual

score made on the fruit. Visual colour analysis is highly negatively correlated (p <0.001)

with all three colour meter results with the most significant correlation identified

between visual colour and sample brightness/reflection (Y) (r = -0.638). The lower the

visual score (lighter coloured fruit), the higher the Y measurement. Likewise the darker

the fruit the lower the Y measurement. This is consistent with the fact that the deeper red

the fruit samples are the less light they transmit and hence record lower Y (and L*)

measurements (Cliff et al., 2007).
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Figure 3.9. Histograph showing the distribution of visual colour analysis for the three

environmental locations in 2007. The fruit samples were analysed from plants while still

on the bush, from the same side of the plant at the same time of day, where possible.

Fruit ripening was assessed daily to ensure fruit was collected when the majority had

reached the red ripe stage. Red bars correspond to SCRI field samples (Field_Vis), green

bars correspond to SCRI protected samples (Poly_vis) and the blue bars the commercial

protected samples (Comm_Vis). 1 = pale pink, 2 = pale pink/red, 3 = mid red, 4 = mid

red/dark red and 5 = dark red.
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3.2.2.4   Analysis of total soluble solids

The total soluble solids, (oBrix), for the mapping population were analysed for the three

environmental locations in season 2, 2007 as described in Section 3.2.1.4. The oBrix

measurements recorded across the three sites showed consistently higher results for all

fruit grown under protected cultivation regardless of the polytunnels location (Figure

3.10). ANOVA identified environmental site to be significantly associated with

variations in soluble solid content (p <0.001).
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Figure 3.10. oBrix measurements for three environmental sites in 2007. Field_Brix

represents SCRI field site, Poly_Brix SCRI protected site and Comm_Brix the

commercial protected site. The box plot generated for the field samples can be seen to

record significantly lower results for the majority of samples analysed while the two

protected sites show similar results for most samples as shown in the box plots

generated. The box plot can be interpreted in full as described in Figure 3.8.
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3.2.2.5   Ten berry weight

The average weight for ten random fruit samples were recorded as detailed in Section

3.2.1.5.

It can be seen from initial Genstat 10 analysis that the fruit grown under protection,

especially those grown at the SCRI, were consistently larger than the equivalent grown

in the field (Figure 3.11). An example of the size differences can be seen between one of

the parents ‘Glen Moy’ grown in the SCRI field and under protected cover in Figure

3.12. ANOVA recorded significance values of p <0.001 for environmental site and ten

berry weight measurements confirming site as a significant factor for fruit weight

variation identified within a season.
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Figure 3.11. Ten berry weight measurements for three environments in 2007.

Field_Wgt represents measures for ten berry weights from the SCRI field site, Poly_Wgt

SCRI protected site and Comm_Wgt the commercial protected site. The variations

recorded for field samples were considerably reduced, as can be seen in the small box

generated for Field_Wgt compared with the corresponding samples grown under

protection, both of which can be seen to record higher median values than field grown

samples. The box plot can be interpreted fully as previously described in Figure 3.8.
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Figure 3.12. Glen Moy pictured from SCRI polytunnel site (left) and SCRI field site

(right) from 2007. Ten fruit samples were selected from one of the parental cultivars,

Glen Moy, from plants grown under protected cultivation (left picture) and from plants

grown in the field (right picture) for visual comparison of fruit size obtained between

environments.
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3.2.3   Fruiting season three, July 2008

Full analysis was carried out across the three environments based on results obtained

from seasons one and two. The addition of biochemical analysis of fruit colour was

initiated in season three in order to further understand the components controlling this

trait.

3.2.3.1   Plant material for phenotypic data collection in 2008

The mapping population used for season one and season two was once again utilised for

season three analysis. As described in Section 3.2.2.1, all three environments were

visited in 2008 and fruit collected for comparative analysis. Ripe fruit was collected

from the protected site at Blairgowrie from 2nd July to 16th July, from the field site at

SCRI from 4th July to 22nd July and from the protected site at SCRI from 9th July to 21st

July 2008.

3.2.3.2 Seasonal data for 2008

The weather in 2008 was similiar to that of 2007 with the exception of 2008 having

slightly more rainfall (781 mm in total compared to 742 mm in 2007). There were

however significantly more sunshine hours in June of 2008 (160.1 hours) compared with

only 90 hours in June of 2007. The average sun hours from April to August 2008,

however, recorded only 145 hours (Table 3.3) compared with 163 in 2007 and 206 in

2006.
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Table 3.3. Seasonal analysis showing temperature measurements across season 3.

Monthly weather means and totals for 2008

Month Total
rain mm

Days
rain

>0.2mm

Days
rain

>0.1mm

Total
sun

hours

Mean
soil

20oC

Mean air
max oC

Mean air
min oC

January 154.3 22 18 40.7 2.3 7.5 1.1
February 26.4 12 7 86.2 2.7 8.9 1.5
March 41.7 12 11 156.7 4.2 9.1 1.3
April 69.1 20 13 156.5 6.8 11.4 3.5
May 18.7 12 6 170.8 10.6 15.7 8.0
June 56.5 17 13 166.1 13.7 18.0 8.7
July 104.5 15 13 130.8 15.7 19.0 12.1

August 141.5 20 18 100.2 15.0 18.5 12.1
September 46.1 14 9 94.5 12.0 16.1 8.9

October 50.0 19 11 120.9 8.6 12.2 4.5
November 24.6 13 9 88.1 5.1 9.4 2.3
December 47.6 14 10 46.0 3.3 6.7 0.6
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3.2.3.3   Colour meter analysis

Samples were analysed for colour meter measurements across the three sites as detailed

in Section 3.2.1.3. The box plot (Figure 3.13) shows the similarities in sample brightness

(Y) obtained for the mapping population across the three environmental locations in

2008. It can be seen that sample brightness and reflective values remain consistent

within one season regardless of the environmental location of the fruit analysed with

little variation detected between sites (p =0.412).



118

Figure 3.13. Colour meter analysis of sample brightness (Y) in 2008 across three

environmental sites. The horizontal bar in the middle of the inner boxes represent the

median of samples, the upper hinge indicates the upper quartile range, and the lower

hinge the lower quartile range. The whiskers protruding from either end of the boxes

signify the minimum and maximum values while the outlying samples, denoted by the

green x, are values outwith the 1.5 times maximum range covered by the whiskers. The

red x indicates an isolated individual which recorded an extremely high value for sample

brightness (Y).
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3.2.3.3.1   Visual colour analysis

Visual colour analysis was carried out on fruit in 2008 as described in Section 3.2.2.3.1.

A further visual analysis was also carried out on fruit which had been blended for colour

meter analysis. This was assessed using the same 1 to 5 visual scale to ascertain if

perceived colour changed once the cell walls have been disrupted.

As was found in 2007, the whole fruit samples from the open field in 2008 showed a

consistently higher number of individuals being scored as lighter in colour (scores 1 and

2) compared with those found under polytunnel. For the blended fruit, however, the

pattern appears to be more evenly distributed (Figure 3.14).

As with visual analysis on whole fruit, blended fruit analysis found linear negative

relationships with colour meter measurements, Yxy which equates to darker visual fruit

(rated as a 5) showing consistently reduced colour meter Y values.
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Figure 3.14. Distribution of visual colour analysis for whole fruit and blended samples

across the three locations in 2008. The whole fruit samples (left side) were analysed

from fruit while still on the bush, from the same side of the plant at the same time of

day, where possible. The blended samples (right side) were analysed following

mechanical blending of 35 g of fruit collected from the same side of the plant at the

same time of day, where possible. Red bars correspond to SCRI field samples

(Field_Vis), green bars correspond to SCRI protected samples (Poly_vis) and the blue

bars the commercial protected samples (Comm_Vis). 1 = pale pink, 2 = pale pink/red,

3 = mid red, 4 = mid red/dark red and 5 = dark red.
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3.2.3.3.2   Biochemical analysis of colour

Initial studies from seasons one and two suggested colour was a particularly important

(and complex) factor involved in both perceived quality (visual acceptability) and actual

measurable quality parameters (sample brightness). As a result additional compositional

analyses were carried out on all samples across all sites in season three.

3.2.3.3.2.1 Total phenol content

The total phenol content of each sample was estimated from a standard curve of gallic

acid using the Folin-Ciocalteu method as described in Section 2.1.4.5. The phenol

ranges detected across the three environmental sites varied considerably with the two

sites at SCRI recording similar values, field 67.3 to 375.0 mg per 100 g fresh weight

(fw), and protected SCRI site 62.5 to 314.1 mg per 100 g fw, whereas the protected site

in Blairgowrie recorded lower values of between 28.2 to 157.3 mg per 100 g fw (Figure

3.15).

The ANOVA for total phenol content found both site and genotype had the most

significant effect (p <0.001) across samples analysed. Site by genotype interactions,

however, were not found to be significant (p =0.500) with half the variation attributed

equally to both site and genotype.
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Figure 3.15. Total phenol content recorded across the three sites in one season. TP

represents total phenol measurements and were recorded as mg per 100 g free weight of

gallic acid equivalents (GAE). Field_TP were samples from SCRI field site, Poly_TP

SCRI protected samples and Comm_TP were samples from the commercial protected

sites. The samples analysed from the commercial site recorded lower total phenol

median content as well as lower variation, which is reflected in the smaller box plot

generated for Comm_TP, compared with the equivalent samples analysed from the

SCRI. The boxplot can be interpreted as described in Figure 3.13.
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A significant negative correlation is present between total phenols and colour meter y in

the field (r = -0.407) and in the protected site at SCRI (r = -0.341) but no correlation was

seen with the commercial site (r = -0.154). Phenol values and pH measurements were

seen to be significant in the protected site at SCRI (r = 0.363) but not in the other sites.

A positive correlation was also detected between blended visual score and total phenol,

particularly in commercial samples (r = 0.363) and to a lesser extent the SCRI field

(r = 0.203) and protected site (r = 0.254). This correlation was not however detected

between visual analysis of whole fruit and phenol content (SCRI open field, r = 0.091,

protected r = 0.171 and commercial r = 0.071).

3.2.3.3.2.2 Total anthocyanin content

The total anthocyanin content of each sample was measured using the method of Cheng

and Breen (1991) as described in Section 2.1.4.6. It can be seen from the box plot

(Figure 3.16) that total anthocyanin content varied significantly across the three

environmental locations within one season (p <0.001). While both sites at the SCRI

recorded consistently high values for the majority of individuals analysed the

commercial site showed considerably lower measurements across all individuals. The

anthocyanin ranges detected across the three sites were, field site at SCRI 14.6 to 142.1

mg, the protected SCRI site 27.4 to 177.7 mg and the protected Blairgowrie site 24.2 to

120.4 mg (all per 100 g fw). Although 2008 experienced, on average, less sunshine

hours per month than 2007, the lower air and soil mean temperatures in 2008 may have

favoured anthocyanin synthesis in fruit. The most significant relationships between total

anthocyanin content and measureable colour analysis can be seen between colour meter

Y and anthocyanins (Figure 3.17) (r = -0.737) and visual colour and anthocyanins

(r = 0.630 for whole fruit and r = 0.780 for blended fruit). The darker the fruit is visually

correlates significantly with the higher total anthocyanin values found in fruit samples.

These correlations were consistent across all three environmental sites.
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Figure 3.16. Total anthocyanin content for the three environmental sites in 2008. TA

represents total anthocyanin measurements and was recorded as mg per 100 g free

weight of cyanidin 3-glucoside equivalents. Field_TA were samples from SCRI field

site, Poly_TA were SCRI protected samples and Comm_TA were samples from the

commercial protected sites. The samples analysed from the commercial site recorded

lower total anthocyanin variation compared with the equivalent samples analysed from

the SCRI, as shown in the smaller box plot generated for Comm_TA. The boxplot can

be interpreted as described in Figure 3.13.
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Figure 3.17. Scatterplot matrix of total anthocyanin correlations. This matrix shows the

associations detected between measures for colour meter brightness (Y) and chroma (y),

total anthocyanins (TA), total phenolics (TP), sample pH (pH), visual colour of whole

fruit (Vis) and blended fruit (B). Significant correlations are highlighted in white boxes

between total anthocyanin content (TA) and colour measurements (Y) as shown in the

top left white box and between TA and visual colour for both blended fruit (Poly_B) and

whole fruit (Poly_Vis) as highlighted in the bottom white boxes.
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The ANOVA for total anthocyanin content found both site and genotype had the most

significant effect (p <0.001). Site by genotype interactions were not found to be

significant (p =0.500) which was also found for total phenol content.

3.2.3.3.2.3 Hydrogen ion concentration

The pH was measured on fruit juice samples across all three sites in 2008 as described in

Section 2.1.4.7. The pH ranges detected across the three sites were from 2.98 to 3.95

both extremes detected in SCRI polytunnel samples (Figure 3.18). The pH of fruit

samples were found to be significantly correlated across all three sites for oBrix

measurements only. This showed a negative correlation (the higher the pH, the lower the
oBrix) of r = -0.422, -0.356 and -0.289 for the SCRI field, SCRI protected and

commercial sites respectively. For the field site only, a negative correlation was

identified between pH measurement and ten berry weight (r = -0.347) and pH and colour

meter ∆E (r = -0.309). For the SCRI protected site, a correlation was present between pH

and phenols (r = 0.363) and within the commercial fruit pH was negatively correlated

with colour meter x (r = -0.398).

The ANOVA for sample pH found site had the most significant effect (p <0.001) while

genotype was not as significant with a p value of 0.008.
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Figure 3.18. Variation of pH measurements recorded across the three sites in one

season. Field_pH were samples from SCRI field site, Poly_pH SCRI protected samples

and Comm_pH were samples from the commercial protected sites. Variations in the box

plots generated can be seen between sites with lower average values recorded for

samples grown from the Commercial site. The box plot can be interpreted as described

in Figure 3.13.
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3.2.3.4   Analysis of total soluble solids

The total soluble solids (oBrix) were recorded for the three environmental locations as

detailed in Section 3.2.1.4. The box plot (Figure 3.19) highlights the variation found

between sites for total soluble solid content of individuals. Both protected sites were

found to measure consistently higher values than the field site for soluble solid content

within one season with ANOVA recording significant associations between environment

(p <0.001).
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Figure 3.19. Variation of oBrix measurements recorded across the three sites in one

season. FieldBrx were samples from SCRI field site, PolyBrix SCRI protected samples

and CommBrx samples from the commercial protected sites. The variations in oBrix

detected across the sites were found to be similar although median sample values were

found to be higher for samples grown under protection. The box plot can be interpreted

as described in Figure 3.13.
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3.2.3.5   Ten berry weight

The average weight of fruit samples were recorded in 2008 as described in Section

3.2.1.5. The box plot (Figure 3.20) highlights the variation found between sites for ten

berry weight measurements with both protected sites measuring consistently higher

weights than the field site within one season. ANOVA recorded significance values of

p <0.001 for the effect of environmental site on ten berry weight measurements.
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Figure 3.20. Variation of ten berry weights across the three sites in one season.

FieldWgt were samples from SCRI field site, Poly_wgt SCRI protected samples and

CommWgt were samples from the commercial protected sites. The box plot generated

from field samples shows a lower median value and lower overall variation compared

with samples grown under protected cultivation. The box plot can be interpreted as

described in Figure 3.13.
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3.2.4 Correlations across three seasons

3.2.4.1   Seasonal variation

The three seasons analysed in this study varied considerably (Table 3.4). It can be seen

from these results that a typical Scottish growing season can be highly variable and often

unpredictable for growing soft fruit, particularly in an open field environment.

The first season, 2006, averaged a high number of sunshine hours (208) in the months

leading to fruit harvest in July and with this came a high average maximum air

temperature of 17.3oC. 2006 also experienced the lowest average minimum air

temperature of 2.7oC in April, as well as a monthly low mean of 7.5oC from April

through to July and only 11 days average rain fall per month of 2 mm and above.

Season two, 2007, averaged slightly less sunshine hours (161) than the previous season

prior to fruit harvest while experiencing a mean minimum air temperature of 8.0oC,

which was similar to that in 2006. The mean soil temperature, at 20 cm, however, was

found to be higher at 13.6oC than 2006 which was 12.9oC.

Season three, 2008, experienced the lowest sunshine hours of the three seasons (156)

recorded between April and July. Both minimum and maximum air temperature were

similar across all seasons but 2008 averaged a lower mean soil temperature at 11.9oC

and a higher average rainfall of 16 days above 2 mm per month.
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Table 3.4. Seasonal analysis showing temperature variations across three seasons.

Year/Month April May June July Average

2006 12.4 14.7 19.4 22.5 17.3

2007 15.3 14.3 16.0 18.5 16.0

Mean air

maximum

temperature (oC) 2008 11.4 15.7 18.0 19.0 16.0

2006 2.7 5.5 9.6 12.3 7.5

2007 5.6 6.0 10.0 10.4 8.0

Mean air

minimum

temperature (oC) 2008 3.5 8.0 8.7 12.1 8.1

2006 6.9 10.6 15.6 18.4 12.9

2007 15.7 15.5 12.0 11.1 13.6

Mean soil

temperature at

20cm (oC) 2008 6.8 10.6 13.7 15.7 11.7

2006 213 215 187 217 208

2007 194 205 90 154 161

Sunshine (hours)

2008 157 171 166 131 156

2006 8 16 9 9 11

2007 6 15 12 22 14

Rainfall above

0.2 mm (days)

2008 20 12 17 15 16
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3.2.4.2   Colour meter variations

Colour measurements were collected over three years and across all sites using a colour

meter (Section 2.1.4.2) and visual assessment (Section 2.1.4.3). Analyses of variance

showed fruit colour across all three sites varied significantly from year to year but

remained generally consistent across the three sites in one season (Table 3.5). The

variation detected in colour between progeny were attributed primarily to genotypic and

year effects (p <0.001).

Visual colour scores were also found to be significantly correlated with readings of the

colour meter (p <0.001), both of which were based on berry brightness.

Table 3.5. Analysis of variance for colour meter Y.

Source d.f s.s m.s Probability
Year 1 533.17 533.17 < 0.001
Site 2 2.52 1.26 0.305
Genotype 183 873.84 4.78 < 0.001
Year:Site 2 1.32 0.66 0.535
Year:Genotype 178 175.72 0.99 0.672
Site:Genotype 250 253.59 1.01 0.672
Residual 224 235.75 1.052

Although variations between the three seasons were evident, within one season the Y

measurement remained consistent (Figure 3.21). The Y value was significantly higher

for 2006 than 2007 but across sites in 2007 no significant differences exist. In 2008,

however, all three sites showed a higher average Y measurement than 2006 and 2007 but

again this rise was consistent across the three sites. In each year analysed, the same

individual (r202) was found to have the highest value for colour brightness (Y). A

similar pattern was observed across the three years for samples recording the lowest

sample brightness (r270).
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Figure 3.21. Sample brightness (Y values) recorded across the three seasons and sites.

The figure has been segregated to allow a visual comparison to be made between the

three seasons. Y_06 were the SCRI field samples in 2006, Y_07F were field samples

from 2007, Y_07P were SCRI protected samples, 2007, Y_07C were commercial

protected samples, 2007, Y_08F were field samples, 2008, Y_08P were SCRI protected

samples, 2008, and Y_08C were commercial protected samples, 2008. The horizontal

bar in the middle of the box is the sample median, the upper hinge indicates the upper

quartile range, and the lower hinge is the lower quartile range. The whiskers protruding

from either end of the box signify the minimum and maximum values while the outlying

samples, denoted by the green x, are values outwith the 1.5 times maximum range

covered by the whiskers, the red x are samples with extreme values.
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3.2.4.3 Biochemical correlations

For anthocyanin measurements, there were several individual samples which were

identified as containing the highest total anthocyanin (TA) values for one environmental

location. Some individuals were subsequently found to have the highest contents in at

least one other location, if not all three. The same pattern emerged for samples found to

contain the lowest TA values. Individuals which were identified as having the highest

TA content were recorded as having the lowest brightness (Y). This was to be expected

however, as linear negative correlations had previously been identified between total

anthocyanin content and sample brightness, where fruit identified as containing the

higher anthocyanin content were found to be the darker in colour (Section 3.2.3.3.2.2).

Total anthocyanin content shows signs of environmental influence with the two

locations at the SCRI, field and protected sites, showing comparable levels of

anthocyanin values and distribution. The protected commercial site, however, shows

significantly lower values for almost all individuals. This was not expected as all other

correlations with anthocyanin and visual colour/colour meter analysis were consistent

across the three sites, with higher anthocyanin individuals scoring lower for sample

brightness, and although this was reflected in the commercial samples, the Y values

recorded were comparable across sites (SCRI field 15.8, protected 15.8, commercial

16.0) but the respective anthocyanin mean values were considerably lower SCRI field

71.1, protected 82.4 and commercial 58.0 mg (all mg/100 g fw). Total anthocyanin

content has been found to correlate significantly with total phenolics in small fruit

(Moyer et al., 2002) although antioxidant capacity has been found to correlate more

accurately with total phenolics than total anthocyanins. Moyer et al. (2002) also found

fruit size correlated significantly with anthocyanin content.

During this study, however, a correlation was found in the SCRI open field and the

SCRI polytunnel between phenol content and anthocyanin content and no correlation

was detected in any of the sites between fruit weight and anthocyanin content.
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A positive correlation has also been reported between anthocyanins and sugar content in

fruit (Kliewer, 1977; Crisosto et al., 2002). It has been postulated that this correlation is

in response to light exposure with anthocyanin accumulation found to commence at the

onset of sugar accumulation in grapes (Boss et al., 1996). This study however considers

sugar content only as a factor of total soluble solid content and as such a correlation was

detected between oBrix and anthocyanin content within the commercial site only. pH,

however, has been found to correlate consistently with total soluble solids (oBrix), for all

three sites, with high pH measurements recording lower oBrix readings in corresponding

samples. Additional correlations were also identified between pH and individual colour

meter measurements in individual locations as described in Section 3.2.3.3.2.3.

3.2.4.4   Total soluble solids

The differences in total soluble solids between progeny is highlighted in the box plot

(Figure 3.22), where samples can be seen to range from a low 3.5o up to almost 12o

(both extremes recorded from the SCRI protected site). The differences between sites

were also quite noticeable with the field site recording a significant decrease in oBrix for

the 2007 season compared with 2006. This did improve slightly in 2008 which noted

improvements in mean results for all three sites. This may be due to the increased

rainfall experienced in 2007 which may have hampered sugar uptake, storage and

metabolism. The protected sites however were not so adversely affected by the weather

and had a larger oBrix mean value comparable to field season 2006 which was a

relatively dry, warm and bright summer. ANOVA found year, site and genotype were all

significant for the variations detected in oBrix samples (p <0.001). The oBrix for almost

all individuals were found to increase consistently across both seasons when fruit were

grown under protected cultivation.
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Figure 3.22. oBrix measurements obtained across sites and seasons. oBrix for the

mapping population for season 2006 field (Brx06), season 2007, SCRI field (Brx07F),

SCRI Polytunnel (Brx07P) and Commercial protected site (Brx07C) and season 2008,

SCRI field (Brx08F), SCRI Polytunnel (Brx08P) and Commercial site (Brx08C). The

figure has been segregated to allow a visual comparison to be made between the three

seasons. The boxplot can be interpreted as described in Figure 3.21.
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Semi-trained sensory panels recruited for a study carried out at Strathclyde University

assessed raspberry fruit in terms of overall sweetness, sourness and flavour intensity.

Additional compositional analysis was also carried out to assess sugar and acid content

within progeny to establish correlations which may exist between sensory scoring of

traits and mean biochemical values (D. Zait, personal communication). On analysing

sensory results, in conjunction with phenotypic measurements obtained from this study,

linear correlations were identified, from the samples analysed, between fruit sweetness

and oBrix (field r = 0.491, SCRI protected 0.560 and commercial 0.232), fruit sourness

and ten berry weight (open field r = 0.277, protected 0.227 and commercial 0.164) and

flavour intensity and oBrix (field r = 0.311, protected 0.549 and commercial 0.265).

While correlations were found between the three sites it can be seen that this correlation

is slightly lower for fruit grown under protection on the commercial farm.

Analysis of total sugar content in fruit samples showed correlations within the field

samples between oBrix (r = -0.491) and ten berry weight (r = -0.734) with individual

mean fructose and glucose contents found to correlate in the same manner (data not

shown). Correlations were not however, detected between citric, malic or total acid

values and any of the phenotypic measurements analysed in this study (data not shown).

Negative correlations have also been found between scoring of flavour descriptors, such

as sweetness and sourness, and fruit weight. It has been suggested by Causse et al.

(2002) that this may be the result of a dilution effect whereby small fruit have a higher

content of sugars and acids compared to a larger fruit which contain comparative soluble

solid content.

3.2.4.5   Ten berry weight

Comparative analysis was carried out for the ten berry weight measurements found for

all three seasons with significant differences in overall weight being noted for almost all

progeny grown under protected cultivation. Weight varied from site to site and also from

year to year. ANOVA found year, site and genotype were significant for the variations
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detected in ten berry weight (p <0.001) while site by genotype interactions were also

found to be significant (p <0.001) for sample weight. Year by genotype interactions

were not significant (p = 0.011).

Many individual samples under protection showed an increase in size of up to three and

four times compared with those in the field, while results between seasons for the field

showed little change in the three years analysed. It can be seen clearly from the box plot

(Figure 3.23) that the ten berry weights for all individuals across seasons were

consistently higher when fruit were grown under protected cultivation.
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Figure 3.23. Ten berry weights for the mapping population across sites and season.

WgtF1 were the SCRI field samples in 2006, WgtF2 were field samples in 2007, WgtP2

were SCRI protected samples, 2007, WgtC2 were commercial protected samples, 2007,

WgtF3 were field samples, 2008, WgtP3 were SCRI protected samples, 2008 and

WgtC3 were commercial protected samples, 2008. The figure has been segregated to

allow a visual comparison to be made between the three seasons. The box plot can be

interpreted as described in Figure 3.22.
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3.3 Discussion

There have been several key findings identified as a result of the phenotypic analysis

carried out across sites and seasons for all traits of interest, including fruit colour,

composition and weight. There were no significant differences for any of the traits

analysed in one season between the different repetitions or clones analysed within one

site. Similarly for oBrix analysis there were no significant differences found regarding

the type of sample analysed, squeezed juice or blended puree (p =0.003). These findings

were important in order to allow a larger number of samples to be analysed in

subsequent years when three sites were selected.

While the three seasons analysed in this study differed regarding total sunshine hours,

temperature and rainfall experienced, only colour and oBrix were found to be

significantly affected. Site, however, was found to contribute significantly to trait

measurements with oBrix and ten berry weights found to increase consistently when fruit

were grown under protected tunnels. Biochemical measurements were also found to be

affected by site with total phenols, total anthocyanins and pH all found to decrease

slightly in fruit which were grown under the commercial tunnel unlike SCRI field and

protected fruit which showed similar higher average measurements.

3.3.1 Biochemical influence on fruit quality

Phenol compounds found in fruit have been highlighted as important factors concerning

both inner and outer quality attributes. Inner quality relates to beneficial effects on

human health following flavonoid intake while outer quality relates specifically to

attractive colouration of fruit derived from phenolic compounds (Treutter, 2001). Total

phenol content has previously been reported to vary significantly according to genotype

(Anttonen and Karjalainen, 2005) with late harvesting cultivars containing higher phenol

content than early fruit (de Ancos et al., 1999). This study found total phenol content, on

average, to be similar to total anthocyanin content, whereas it would be expected to find

phenol values to be proportionally higher than anthocyanins as total phenolics

encompass all flavonoid (anthocyanidins and flavonols) and non-flavonoid (lignans and
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stilbene) compounds. In strawberry, for example, 44% of phenolic compounds were

anthocyanins (Puupponen- Pimiä et al., 2005) whereas Moyer et al. (2002) estimated

34% of total phenolics in blueberry, blackcurrant and blackberry were anthocyanins. It

has been reported however, that some phenolic compounds remain undetected following

some extraction procedures, such as the Folin-Ciocalteu method. Such undetected

phenolics are likely to consist of hydroxycinnamic acids (involved in cell wall

stiffening) and proanthocyanidins (Treutter, 2001). Kähkönen et al. (2001) reported

significant variations in total phenolics extracted from berries, including red raspberries,

depending on the extraction method used.

The colour of raspberry fruit has been described as the most important characteristic for

the preservation of a fresh appearance and this is often related to individual anthocyanin

composition (de Ancos et al., 1999). Hours of sunshine, soil composition and humidity

are all factors which were described by de Pascual-Teresa and Sanchez-Ballesta (2008)

as affecting the anthocyanin composition of fruit. Other factors including fruit variety,

maturity and environment were also attributed to anthocyanin composition of fruit (de

Ancos et al., 1999). Recently Kassim et al. (2009) identified and quantified eight

individual anthocyanin pigments (cyanidin-3-sophoroside (C3S), cyanidin-3-(2-

glucosylrutinoside) (C3GR), cyanidin-3-glucoside (C3G), cyanidin-3-rutinoside (C3R),

pelargonidin-3-sophoroside (P3S), pelargonidin-3-glucoside (P3G), pelargonidin-3-

glucosylrutinoside (P3GR) and pelargonidin-3-rutinoside (P3R) across two seasons and

two environments in progeny derived from ‘Glen Moy’ × ‘Latham’.

Kassim et al. (2009) found significant seasonal variation in individual anthocyanin

pigments across experimental years (p =0.001), but the variation was not as significant

between environments in one season (p =0.07). Highly significant variations within

individual anthocyanins were identified between progeny and between 2006 and 2007

field measurements (p <0.001), which were attributed to the hotter, drier, sunnier

conditions of 2006. There were however, only slight differences recorded in 2007

between the field and polytunnels samples at SCRI with slightly lower levels recorded
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for C3S, C3GR, C3G, C3R, P3R and P3S when grown under protection (Kassim et al.,

2009).

While total anthocyanins were found to have comparable values between the SCRI field

site and the SCRI protected site, in both 2007 and 2008, the commercial protected fruit

were found to contain significantly lower anthocyanins (Figure 3.16). It is unlikely that

this is due to the polytunnels covering as in terms of size, thickness and UV

transmission, both polythene tunnels were comparable (Section 2.1.1). Differences do

exist however regarding the polytunnel locations as well as when fruit is covered in the

season, with the commercial site, on average a week or two earlier than the SCRI and

also irrigation and fertigation was varied between sites. Temperatures measured in

Dundee, by the SCRI meteorological department, give an indication as to the external

conditions experienced by fruit in the field, but the actual temperature and humidity

experienced by the fruit under polytunnels is unknown. The actual soil composition

across all three locations is also unknown with differences in several components such

as potassium and nitrogen likely to cause varying degrees of stress on the plants, any of

which may affect anthocyanin biosynthesis.

While the study by Kassim et al. (2009) did not seek any correlation between individual

anthocyanin measurements and colour, associations were made between individual

pigments and transcriptional regulation. de Ancos et al. (1999) found individual

anthocyanin pigments, in a selection of raspberry cultivars, did not correlate with

objective colour analysis although cultivars with the highest total anthocyanin content,

‘Ceva’ and ‘Rubi’ were found to record the lowest L* values, lowest pH and highest
oBrix. Giovanelli and Buratti (2009), however, found darker skinned wild blueberries (as

denoted by the lower L* values) contained higher levels of total anthocyanins, a similar

trend was reported in cranberries and grapes (Ozgen et al., 2002; Cliff et al., 2006).

Likewise, in this thesis, raspberry colour and total anthocyanins have been found to

correlate significantly. Colour is often used to judge quality in berry fruits and visual

colour analysis, which is simple and non-destructive, can be used for identifying
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samples which are likely to contain a higher total anthocyanin content (Gonçalves et al.,

2007).

Colorimeters, such as the Minolta, chroma meter used in this study, measure light in

terms of a tristimulus colour space which relates to human vision and are thus restricted

to the visible light region (Abbott, 1999). Pigments such as chlorophyll, carotenoids and

anthocyanins absorb light energy through chemical bonds within the visible wavelength

region (380 to 770 nm) while fats, proteins, carbohydrates and water have absorption

bands within the near infrared range (770 to 2500 nm) (Abbott, 1999).

Organic acid composition of fruit is regarded as a component of fruit quality, a

determinant of fruit ripening and also a factor contributing to fruit colour (de Ancos et

al., 1999). Greater acidity would be expected to enhance the colour strength of

anthocyanins, which in nature sees red anthocyanins at a low pH. Anthocyanins are

sensitive to changes in pH with a low pH favouring flavylium cations which are red; an

increase in pH sees blue quinoidal forms as well as the appearance of colourless

pseudobases and chalcones (de Pascual-Teresa and Sanchez-Ballesta, 2008).

Anthocyanins contain highly conjugated chromophores which are affected by changes

within pH values they are exposed to. Such pH changes result in an alteration in the

conjugation of the anthocyanin double bonds which affect wavelengths of light

transmitted and absorbed (Hajji et al., 1997). The pH differences recorded in this study,

however, were small (from 2.98 to 3.95) and did not result in any obvious changes in the

colour recorded.

3.3.2   Environmental and seasonal influence on fruit quality

Low temperatures before harvest or during storage have been found to favour

anthocyanin synthesis in apple, pear, grape and cranberry (Kliewer, 1970; Curry, 1997;

Steyn et al., 2004). It has been found that a deficiency in soil nitrogen favours

anthocyanin biosynthesis in both vegetative tissue and fruit (Steyn et al., 2002). An

increase in nitrogen has been found to reduce anthocyanin in grape and apple (Kliewer,
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1977) as well as reducing the perceived colour intensity in fruit through the increase in

chlorophyll stimulation (Marsh et al., 1996; Reay et al., 1998). Water drought increases

secondary metabolism and in particular, flavonoid and anthocyanin biosynthesis, which

are thought to be initiated as part of the plants response to stress. Anthocyanin

concentration was found to increase in grapes following a period of water deficit early

after the onset of ripening (Castellarin et al., 2007). Even transient exposure to water

deficits before the onset of ripening may have profound and prolonged effects on

ripening, particularly relating to berry size (Castellarin et al., 2007). A study by

Kamsteeg et al. (1979) also found soil which was subjected to physiological stresses

such as excessive water, resulting in water logged soil can enhance anthocyanin

formation.

For some quality traits analysed, such as total soluble solids (oBrix), it was apparent that

variations due to season and location exist and this was particularly evident when fruit

were grown in the field site. For fruit grown under protection the seasonal variation was

found to be reduced. This appears to be in line with breeder observations of raspberry

varieties grown under both field and tunnel, whereby the protected environment appears

to minimize genotypic effects which were found to influence plant behavior in a field

setting (N. Jennings, personal communication). Significant differences were recorded in

a study for oBrix values in apples over two separate seasons. Kenis et al. (2008)

concluded that differences were due to environmental conditions or interactions with

other genetic factors and not due to genetic control alone. Total soluble solids, is one of

the most extensively studied traits in tomato, due to the economical importance of fruit
oBrix. Significant crop improvements for oBrix have remained somewhat elusive due to

the polygenic nature of this trait with environmental influence and pleiotropic

relationships with traits such as size, yield and weight affecting any successful crop

improvements (Fridman et al., 2002). The negative correlation between fruit weight and

total soluble solids is one which has been found in numerous studies including apple and

tomato (Saliba-Colombani et al., 2001; Tanksley et al., 1996; Bernacchi et al., 1998;
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Chen et al., 1999). This was not found in this study, instead no correlation, positive or

negative, were detected in any year or location between fruit weight and oBrix.

Traits such as ten berry weights, however, displayed variations according to location

with the varying seasons having little impact overall. Fruit grown under protection were

all significantly bigger than the corresponding field grown samples and this was

consistent regardless of season (Figure 3.23). These variations highlight the importance

of constructing field based experiments for phenotypic analysis over a series of sites and

seasons in order to obtain accurate results which allow genotypic and environmental

influences to be determined.

In this study it has been shown that with appropriate polytunnel selection in terms of

field location, polythene covering and irrigation practices, it may be possible, not only to

extend the growing season in soft fruit, but to produce fruit superior in size to field

grown fruit without compromising flavour and colour. Techniques which utilise

different cultivars with different fruiting seasons or sequential planting of cold stored

plants in conjunction with growing fruit under protection in the form of polytunnels,

allow the production of domestic raspberries both earlier and later in the season which

limit the need for expensive and often lower quality imported fruit. Polytunnels were

first introduced to British farming in 1993 and have extended the growing season of

raspberries from eight weeks in June and July to around sixteen weeks from May to

August. This has allowed fresh British berries to dominate the market place which was

previously dominated by imported fruit (Britishsummerfruits.co.uk) The combined area

of glasshouse and plastic structures in Scotland has increased by 64% in only four years

to give a total of 1,278,884 m2 recorded in 2007. The main fruit grown under protection

were strawberries and raspberries and these have increased from 248,039 m2 in 2003 to

548,533 m2 in 2007, an increase in 121% (SASA PC 2007). Although concern has been

raised in many communities regarding the construction of polytunnels it is reported that

only 0.01% of UK agricultural land is actually under polytunnels, the majority of which

are then removed at the end of each growing season (Britishsummerfruits.co.uk).



148

For all traits analysed, regardless of site or season, progeny were identified which

showed considerably higher (and lower) values than either of the parents (Appendix

3.1). The mean sample values, however, were found to be within parental measurements

except for colour meter measurements in 2006 with Yxy and L* a* b* all recording

higher average values than the parents. Strawberry offspring resulting from several

crosses have also been found to contain genotypes which produce fruits with far higher

nutritional values than parents. This phenomenon of transgressive segregation, whereby

the offspring exceed the parental values for a specific trait, can create new breeding

perspectives for the release of new cultivars with improved sensory and nutritional

qualities (Capocasa et al., 2008). Phenotypic traits can subsequently be associated with

underlying molecular markers for MAB programmes. In order to develop MAB in

plants, it is necessary to identify regions along the chromosome with genes for these

major quality traits. The findings from this chapter have been important in advancing

understanding of red raspberry quality and how these traits interact. While consistent

correlations were not found for all phenotypic traits assessed, data will be analysed to

identify quantitative trait loci (QTL) for raspberry colour, size and flavour attributes,

across sites and seasons on the Rubus genetic linkage map (Graham et al., 2004; 2006).

This will be carried out in order to further understand the genetic and environmental

controls underlying quality and flavonoid synthesis in red raspberry fruit.
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Chapter 4 Identification of candidate genes related to fruit quality

4.1   Introduction

Candidate gene approaches have been used to establish associations between genes

involved in relevant metabolic pathways and quantitative trait loci (QTL). Knowledge of

metabolic pathways involved in the uptake and regulation of sugars and organic acids as

well as pigment synthesis and accumulation in fruit can be utilised to identify primary

candidate genes. Alternative genes may include transporters and transcription factors

important in the development of fruit quality. This is a key area of research, as to

improve fruit quality it is necessary to identify and characterise control processes, and

determine key polymorphic alleles. By analysing a population segregating for the

defined traits of interest, QTL can be determined and positioned onto existing linkage

maps.

4.1.1   Sources of putative candidate genes

The long term commercial aim of research carried out on fruit quality today is to

improve characteristics related to colour changes, flavour, texture and nutritional value.

Fruit firmness has implications not only related to mouthfeel and sensory acceptance but

for shelf life and processing characteristics. A greater understanding of the biochemical

processes, genes and interactions contributing to fruit quality remains a major goal for

this area of research. With Prunus currently ahead of Rubus in terms of providing a

model for Rosaceous species, examining candidate genes characterised in Prunus

persica for sugar and acid content (Etienne et al., 2002), was a step towards identifying

homology between species and possibly molecular markers for quality traits.

4.1.1.1   Homology as a source of candidate genes

If the sequence information for a specific gene of interest is unavailable then sequence

information from related species can be utilised to deduce consensus motifs for

degenerate primer design (Pflieger et al., 2001). The value of analysing and comparing

data from species can be seen with the identification of major genes and QTLs located
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within the equivalent genomic regions across diverse progenies and species (Varshney

and Tuberosa, 2008). Leister et al. (1996) developed a strategy of resistance gene

analogues (RGA) to map resistance gene clusters in potato which has since been applied

in peach (Bliss et al., 2002) and apricot (Soriano et al., 2005). This suggests that the

conservation of gene sequence, order and distribution (i.e synteny) can aid in the

development and identification of gene action and variation between individuals. Several

studies have confirmed this conservation of genes with structural genes involved in

carotenoid biosynthesis in pepper (Capsicum) showing comparative positioning on

linkage maps in tomato and potato (Thorup et al., 2000). Similar comparative studies

and mapping have also been carried out between perennial ryegrass (Lolium perenne L.)

(Cogan et al., 2006) and tomato (Solanum lycopersicum) (Tanksley and Hewitt, 1988).

4.1.1.2   Database mining as a source of candidate genes

Expressed sequence tag (EST) libraries hold great potential for the identification of

putative candidate genes involved in specific tissues, developmental stages or stress

responses invoked in plants through differential screening approaches (Pflieger et al.,

2001). Horn et al. (2005) initiated the development of a peach (Prunus persica) EST

database for identifying and cloning genes important for fruit and tree development. This

resulted in 9,984 ESTs with an average read length of 502 base pairs. From 3,500

identified singletons, 2,533 were found to be unique reads of which 1,708 had

significant sequence matches using Genbank databases (Horn et al., 2005). Overall the

number of putative unique genes comprises some 3,842 individuals (Horn et al., 2005).

A high proportion of these genes have been functionally identified in peach with

molecular, biological and physiological processes represented (Horn et al., 2005). In

tomato there have been more than twenty three EST libraries constructed and sequenced

to create in excess of 30,000 unigenes for candidate gene mining (Causse et al., 2004). A

recent database search carried out using NCBI search engine “Entrez” produced

62,751,407 EST results. Fruit ESTs contributed 779,804 hits which were further broken

down to yield 335,971 for Malus, 101,791 for Prunus, 54,771 Fragaria and 3132 Rubus

EST sequences. New technologies are expanding our ability to study and test the role of
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transcription and post-transcriptional processes in many different tissues grown under

different conditions. One such example is 454 mRNA sequencing which allows a large

population of mRNA sequences to be identified (thousands of gene sequences) in fruit

(Ronaghi, 2001). If this was applied to give the most complete list of genes that are

expressed in these tissues, it can be of further value because the transcript profile will be

applicable to many aspects of fruit development. If SNPs can be identified between

genes from different accessions these can be used to map a large number of sequences.

4.1.1.3   Biological pathways

If the pathways underlying phenotypic trait expression are known, then it may be

possible to identify, isolate and characterise the individual enzymes involved in order to

find genes responsible for trait variation. Genes associated with individual biosynthetic

pathways are obvious candidates for trait variation. The colour of fruit is a major

determinant for the overall acceptance of new cultivars and is often used as a visual

measure to determine fruit quality and maturity (Maga, 1974). Due to the complexity of

this trait a vast amount of research has led to the identification and characterisation of

many genes involved in the numerous biosynthetic pathways which may regulate colour

variation. An example of genes analysed include dihydroflavonol 4-reductase (DFR) (Ju

et al., 1997; Gollop et al., 2002), phenylalanine ammonia-lyase (PAL) (Ju et al., 1995a),

chalcone synthase (CHS) (Ju et al., 1995b; Zheng and Hrazdina, 2008), glutathione S-

transferase (GST) (Alfenito et al., 1998; Lu et al., 1998), flavonoid 3’-hydroxylase

(F3’H) (Castellarin and Di Gaspero, 2007) and flavonol synthase (FLS) (Davies et al.,

2003). Several studies have focused on the effect of over-expression of individual genes

in transgenic plants with many novel flower colours generated. For example, Tanaka et

al. (1995) found the over-expression of DFR in Petunia produced novel flower

pigmentation. Ueyama et al. (2002) showed overexpression of F3’H resulted in a redder

flower colour in transgenic Torenia hybrida due to the abundance of 3’-hydroxylated

anthocyanins. Over expression of F3’5’H however, was shown to produce purple to

violet flowers due to the increase in 3’5’-hydroxylated anthocyanins (Fukui et al., 2003).

Shimada et al. (1999) reported a dramatic shift in Petunia flower colour from pink to
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magenta when F3’5’H was preferentially expressed (reviewed by de Pascual-Teresa and

Sanchez-Ballesta, 2008). Further changes in flower pigmentation have also been

obtained through the suppression of individual genes with flower pigment in Petunia

being hindered following CHS suppression (Van der Krol et al., 1988). The co-

suppression of CHS and DFR were also found to generate white and white/blue flowers

in transgenic Torenia varieties (Suzuki et al., 2000).

FLS has been linked with a higher affinity to dihydroquercetin than dihydrokaempferol

or dihydromyricetin in Petunia (Suzuki et al., 2000). This trend was also found in a

study by Jeong et al. (2006) in grape with the major flavonol identified as quercetin.

Wellman et al. (2002) found in citrus, however, that a recombinant FLS showed a

greater affinity to dihydrokaempferol compared with dihydroquercetin, although

quercetin conjugates showed highest accumulation, which suggested that this may

indicate the expression of more than one FLS polypeptide. In Arabidopsis all enzymes

central to flavonoid biosynthesis, were encoded by single copy genes with the exception

of FLS which was found to be encoded by six genes (Winkel-Shirley, 2001). FLS and

DFR utilise the same dihydroflavonol substrates. DFR is not expressed in high levels

until late in flower development so under normal conditions these enzymes will not

compete as FLS will utilise dihydroflavonols available prior to the onset of DFR

synthesis (Nielsen et al., 2002).

This chapter aimed to utilise various strategies to isolate and amplify individual genes in

red raspberry. Techniques included homology searches, data base mining and fruit EST

library construction and mining to identify genes involved in pathways related to fruit

quality and in particular colour. Once genes were identified and characterised for the

mapping population, results can be analysed for addition onto the Rubus linkage map

and associations between candidate genes and QTL regions, identified through

phenotypic evaluation (Chapter 3) can then be utilised in the establishment of MAB

strategies.
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4.2   Results

4.2.1   Candidate genes identified in Rubus through homology sources

Candidate genes relating to fruit quality, identified in literature searches in homologous

species (Table 4.1), were tested in raspberry to ascertain which genes, if any, showed

close consensus across species. From this study 21 genes were analysed from

homologous searches which resulted in five being mapped. Five further genes were

sequenced but no polymorphisms were detected while seven were amplified via PCR but

yielded poor or very short sequences. Three failed to amplify using initial primers or

following primer re-design while one gene (VP2) showed no conserved regions

preventing successful primers being re-designed.

Primer sequences obtained were amplified for the mapping parents, plus six progeny

(Sections 2.2.3 and 2.2.4). Of the primer sequences analysed, five genes related to

quality have been successfully amplified, resulting in a clear product being obtained.

MIP 2, MIP 3, TIP and expansin genes identified in peach by Etienne et al. (2002) in a

Texas × Earlygold mapping population and L-galactose dehydrogenase (Gal-dh)

amplified by Laing et al. (2004) in kiwifruit (Actinidia deliciosa). Expansin and MIP 3

initially failed to amplify in raspberry and primers were redesigned using conserved

regions from homologous species (Prunus AB047518, AF297522 and Fragaria

AF226701 for expansin) and (Prunus AB218716, Pyrus AB058680 and Mimosa

AB206100 for MIP 3) to include degenerate wobbles (Operon.com) for base pairs where

necessary (Section 2.2.5).
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Table 4.1. Candidate gene status in Rubus from homologous species.

Homologous candidate Species Genbank
accession

Results

Expansin (EXP) Prunus AF367459 Mapped to LG 7

Tonoplast intrinsic
protein (TIP)

Prunus AF367456 Mapped to LG 2

Membrane intrinsic
protein 2 (MIP 2)

Prunus AF367458 Mapped to LG 2

Membrane intrinsic
protein 3 (MIP 3)

Prunus AF367460 Mapped to LG 2

Galactose dehydrogenase
(Gal-dh)

Actinidia AY176585 Mapped to LG 4

Hexokinase 1 (HK1) Prunus AF367451 Sequenced, no SNP

Hexokinase 2 (HK2) Prunus AF367452 Sequenced, no SNP

Sucrose transporter 2
(STP2)

Prunus AF367455 Sequenced, no SNP

Vacuolar invertase (VI) Arabidopsis AT1G12240 Sequenced, no SNP

Acid invertase (Ail) Prunus AF367453 Sequenced, no SNP
Sucrose transporter 1
(STP1)

Prunus AF367454 Amplified, poor
sequence

Sucrose synthase 1
(Sus1)

Prunus AF367450 Amplified, poor
sequence

Vacuolar H+

pyrophosphatase (Vp1)
Prunus AF367446 Amplified, poor

sequence
Membrane intrinsic
protein 1 (MIP 1)

Prunus AF367457 Amplified, poor
sequence

Neutral invertase (NI) Arabidopsis AT3G05820 Amplified, poor
sequence

Invertase (Inv) Arabidopsis AT3G06500 Amplified, poor
sequence.

Fruit weight 2.2 (fw2.2) Solanum AY097189 Amplified, poor
sequence

Malate dehydrogenase
(Mdh1)

Prunus AF367442 Redesigned, no
amplification

Isocitrate dehydrogenase
(Icdh)

Prunus AF367443 Redesigned, no
amplification

Citrate synthase 1 (Cs1) Prunus AF367444 Redesigned, no
amplification

Vacuolar H+

pyrophosphatase 2 (Vp2)
Prunus AF367447 No amplification or

conserved regions
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4.2.2   Candidate genes identified in Rubus through database mining

Rubus EST libraries which were available for database mining (Section 2.3) were

explored for potential genes identified within pathways involved in fruit colour

development. As a result five putative candidate genes were identified, (dihydroflavonol

4-reductase (DFR), anthocyanidin reductase (ANR), flavonoid 3’-hydroxylase (F3’H),

flavonol synthase (FLS) and glutathione S-transferase (GST). BLAST search confirmed

their involvement in the development of colour in other plants’ including strawberries,

grape and rose hybrids. The genes selected were isolated and amplified, in both parents

and six progeny, (Section 2.2.4) once primers had been designed using areas of

conserved sequences (Section 2.2.5). Following successful amplification all five

candidate genes were sequenced (Section 2.2.8.1) and the sequences aligned and

screened for polymorphisms within and between samples.

4.2.3 Candidate genes identified through the construction of an EST Library

In order to enhance the sequence database currently available in Rubus a cDNA library

was constructed from ‘Glen Moy’ and ‘Latham’ samples for two distinct developmental

stages: green/red and red ripe fruit (Section 2.3.1).

4.2.3.1   RNA extraction and cDNA synthesis

With an absorbance ratio of around 2.0 (A260/A280) for all RNA obtained, and two intact

ribosomal RNA bands visualised (Figure 4.1), it was assumed that contamination was

minimal. The average yield of total RNA for each stage of fruit analysed was typically

120 to 440 ng per gram fresh weight (Table 4.2). Following isolation and purification,

samples were prepared for EST library construction (Section 2.3.1). cDNA inserts of

between 500 and 1000 bp were obtained and all clones were utilised in the final stages

of library construction prior to sequence analysis.



156

Figure 4.1. A 1.5% (w/v) agarose gel of RNA isolated from fruit. The average yield of

total RNA was typically 362 ng per gram (fw). Two intact ribosomal RNA bands

indicate that isolated RNA was not degraded. The top band represents the 28S rRNA

large subunit (1,500 bp) the second main band the smaller 18S rRNA subunit (800 bp).

Lane 1 contained 100bp DNA ladder (Promega), lane 2, 3 and 4 ‘Glen Moy’ red fruit

RNA samples and lane 5, 6 and 7 ‘Latham’ red fruit RNA samples.

1   2    3     4      5       6        7
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Table 4.2. RNA yield for a selection of samples from each fruit library constructed.

Parent Stage Total RNA  (0.4 g fruit) (ng/μl) A260/A280

Latham Green/Red 396.7 2.03

Latham Green/Red 439.8 2.04

Latham Green/Red 481.2 2.04

Latham Green/Red 413.1 2.06

Moy Green/Red 330.2 2.05

Moy Green/Red 321.1 2.07

Moy Green/Red 331.2 2.06

Moy Green/Red 300.9 2.07

Latham Red 410.8 2.08

Latham Red 333.4 2.09

Latham Red 399.5 1.91

Latham Red 253.8 2.11

Moy Red 376.2 2.07

Moy Red 428.1 2.00

Moy Red 317.3 2.03

Moy Red 257.3 2.05
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4.2.4 Approaches to mapping candidate genes

Expansin and MIP 2 were successfully amplified in raspberry but subsequent gel

visualisation found faint surrounding bands so these bands were excised, purified and

cloned (Section 2.2.9). TIP and Gal-dh genes amplified from the original primers

produced a single clear product and were extracted and purified from agarose gel

(Section 2.2.7) and sequenced (Section 2.2.8.1).

4.2.4.1   Size polymorphism

Following amplification with re-designed primers in both parents and six progeny,

MIP 3 produced a visible PCR product, which contained a size polymorphism. This

could be scored directly from a 1.5% agarose gel (Figure 4.2) and was carried out for the

full mapping population based on the presence of either one (‘Glen Moy’) or two bands

(‘Latham’) following gel electrophoresis.

4.2.4.2   Single nucleotide polymorphism

Sequence results obtained from all candidate genes amplified were analysed by

comparing base pair sequences between parents for each of the candidate genes, in the

forward and reverse complement, using the software BioEdit 5.0.9

(http://www.mbio.ncsu.edu/bioedit/bioedit.html) and subsequently Sequencher 4.8 for

the assembly and analysis of sequence contigs (Table 4.3). Polymorphisms were

detected for each of the genes analysed, an example of which can be seen in Figure 4.3

for dihydroflavonol 4-reductase (DFR).

http://www.mbio.ncsu.edu/bioedit/bioedit.html
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Figure 4.2. A 1.5% agarose gel showing PCR products obtained for the candidate gene

membrane intrinsic protein (MIP) 3. The re-designed MIP 3 primers, containing Operon

wobbles, produced an amplified PCR product of 850 bp. The 100 bp DNA ladder, on the

left hand side, shows the approximate fragment sizes obtained. ‘Glen Moy’ was found to

contain one 850 bp band while ‘Latham’ has one 850 bp and one 950 bp band. Lane 1

contained 100bp DNA ladder (Promega), lane 2, 4, 5, 6, 7, 9 and 10 contained examples

from progeny RNA samples, lane 3 ‘Glen Moy’ RNA samples and lane 8 ‘Latham’

RNA samples.

Glen Moy
Latham

1       2       3       4         5        6       7        8       9       10
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Table 4.3. Sequence length and SNPs identified in the ten candidate gene sequences in

R. idaeus.

Candidate gene Sequence

obtained (bp)

Putative SNP’s

identified

Gene source

Expansin 430 2 Etienne et al., 2002

MIP 2 350 3 Etienne et al., 2002

MIP 3 340 3 Etienne et al., 2002

TIP 300 2 Etienne et al., 2002

Gal-dh 350 2 Laing et al., 2004

ANR 600 3 Rubus database

DFR 280 4 Rubus database

GST 450 3 Rubus database

FLS 500 4 Rubus database

F3’H 580 3 Rubus database
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Figure 4.3. Chromatograph obtained from BioEdit 5.0.9 for the candidate gene

dihydroflavonol 4-reductase (DFR). This chromatograph shows the two polymorphisms

identified between one of the parents, cv. Glen Moy (trace, A) containing an A/A and

T/A and progeny ‘r27’ (trace, B) with alleles A/G and T/A.

A)

B)
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4.2.4.3 Sequence results from EST fruit libraries

Sequences were analysed using Sequencher 4.8 and trimmed, where necessary, to ensure

high quality sequence reads. Vector derived sequences were removed from each sample

and DNA sequences were quality scored using the Phred software

(http://www.phrap.com) and then searched against the non-redundant nucleotide

databases at NCBI (http://www.ncbi.nlm.nih.gov) using the BLAST algorithm (Altschul

et al., 1990). Several contiguous sequences (contigs) were found to contain

polymorphisms either between parental alleles or between parents themselves, for

several genes of interest, allowing primers to be designed to analyse the full mapping

population.

This resulted in sequence data from around 1000 clones added to the SCRI Rubus

sequence database which are now available for EST mining. Analysis of these clones

resulted in the formation of > 100 contigs and the identification of ca. 50 SSRs and

almost 900 positive BLAST queries. Several potentially interesting sequences were

identified with significant homology to known genes in raspberry and other fruit

impacting on fruit ripening, berry development and other quality traits (Table 4.4). The

sequences obtained from isolated cDNA clones were submitted to a peptide sequence

database via version 2.2.18 of the BLAST programme. A selection of genes identified

from the EST libraries were examined for the presence of single nucleotide

polymorphisms for subsequent analysis. The genes selected were from contig 16, 20, 21,

22 and 24 as consistent polymorphisms were identified which allowed primers to be

designed for amplification across the full mapping population. Following sequence

analysis, each gene was characterised in the mapping population by means of genotypic

analysis (Section 2.3.17.3.1) for addition onto the Rubus linkage map (Chapter 5).

http://www.phrap.com
http://www.ncbi.nlm.nih.gov
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Table 4.4. Examples of genes of interest identified from EST sequences from cv.

Latham (ERubLath) and cv. Glen Moy (ERubMoy).

NAME HOMOLOGY
GREEN/ RED LIBRARY

ERubLath2_SQ01_ERubLath2_SQ01_L05_L0
5_011

Dehydrin implicated in bud burst

ERubLath2_SQ01_ERubLath2_SQ01_K14_K1
4_027

Agamous (MADS box)

Contig 12 Senescence associated
Contig 13 Trehalase
Contig 9 D-allose transporter
Contig 6 Purple acid phosphatase
Contig 16 Unknown protein
Contig 20 Hypothetical protein
Contig 21 Hypothetical protein
Contig 22 Steroid receptor/signal transduction
Contig 24 Hypothetical protein

RED RIPE LIBRARY
ERubMoy3_SQ01_ERubMoy3_SQ01_M11_M
11_

Metallothione-like

Contig 5 Major latex like
ERubMoy3_SQ01_ERubMoy3_SQ01_B07_B0
7_

Major latex like

ERubMoy3_SQ01_ERubMoy3_SQ01_D05_D0
5_

Tomato high throughput cDNA
sequences (HTC) in leaf

ERubMoy3_SQ01_ERubMoy3_SQ01_P05_P0
5_009

Hypothetical protein Vitis vinifera

ERubLath3_SQ01_ERubLath3_SQ01_F19_F1
9_

Predicted protein Vitis vinifera

ERubLath3_SQ01_ERubLath3_SQ01_C15_C1
5_

Mitochondrial F1 ATP synthase

ERubLath3_SQ01_ERubLath3_SQ01_D13_D1
3_

Mitochondrial F1 ATP synthase

ERubLath3_SQ01_ERubLath3_SQ01_P19_P1
9_

Drought stress



164

4.2.5 Pyrosequence® analysis of candidate genes

Once polymorphisms were identified from either homology or database searches, either

within parental alleles or between parents, it was necessary to use the mapping

population to determine how the SNP segregated within a population. The method

favoured in this study was Pyrosequence® technology which is a fast, reliable, robust

technique which has been used successfully in previous genotyping studies (Alderborn

et al., 2000; Ronaghi, 2001). Following sequence analysis of MIP 2, a short sequence

differing between ‘Glen Moy’ alleles was found to contain two SNPs separated by only

seven base pairs. As both polymorphisms were clear, a Pyrosequencing® assay was

designed which allowed both polymorphisms to be analysed within the same sequencing

reaction. Results for MIP 2 were reported for each of the SNPs separately, MIP 2 SNP1

and MIP 2 SNP2. Likewise for dihydroflavonol 4-reductase (DFR) two SNPs were

identified in a contig containing one of the parents, cv. Glen Moy and one of the

progeny ‘r27’. The SNPs were only six base pairs apart so a Pyrosequencing® assay was

designed which incorporated both polymorphisms for sequence analysis. Results for

DFR were reported for each of the SNPs separately, DFR 1 and DFR 2 (Figure 4.4).

All polymorphisms identified following sequence analysis were transferred into

Pyrosequencing® assays to analyse the genotype of the mapping population (Section

2.2.10.3). Pyrosequence® results were converted prior to mapping analysis, which

required individuals to be scored. Heterozygotes were ab while homozygotes were either

aa or bb. (Table 4.5). This was also carried out on the size polymorphism seen in MIP 3,

whereby samples containing one band become aa and those with two bands ab.
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(A) DFR SNP1, 2
Sample: MOY

100

150

200

E S C G A C T G C T A T C G A

A/A T/A

5 10

(B) DFR SNP1, 2
Sample: LATH

100

150

200

E S C G A C T G C T A T C G A

G/A T/A

5 10

(C) DFR SNP1, 2

Sample: 222

100

150

200

E S C G A C T G C T A T C G A

A/A T/T

5 10

Figure 4.4. Pyrogram® traces for the parents (A) Glen Moy (B) Latham and (C) one of

the progeny (r222) for the candidate gene dihydroflavonol 4-reductase (DFR). ‘Glen

Moy’ was found to contain an A/A and T/A for the SNP sequence analysed while

‘Latham’ revealed G/A and T/A. The progeny were found to segregate 1:1 either G/A or

A/A for the first SNP and 1:2:1 T/T, T/A or A/A for the second SNP, an example of

which can be seen in trace (C) for the individual ‘r222 containing an A/A and T/T

genotype.
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Table 4.5. Mapping results for candidate genes.

Candidate
Gene

Source of
identity

Parent 1
Latham

Parent 2
Glen Moy

Mapping
population

Linkage
Group

MIP 3 Etienne et al.,
2002

ab aa ab = 84
aa = 87

Ratio 1:1

2

TIP Etienne et al.,
2002

ab aa ab = 93
aa = 87

Ratio 1:1

2

MIP 2 SNP 1 Etienne et al.,
2002

ab ab ab = 98
aa = 40
bb = 48

Ratio 1:2:1

2

MIP 2 SNP 2 Etienne et al.,
2002

ab aa ab = 95
aa = 48
bb = 43

Ratio 1:2:1

2

Gal-dh Laing et al.,
2004

aa ab ab = 73
aa = 107
Ratio 1:1

4

EXP Etienne et al.,
2002

ab aa ab = 104
aa = 80

Ratio 1:1

7

ANR “In house”
Rubus

database

ab ab ab = 94
aa = 43
ab = 46

Ratio 1:2:1

2

FLS “In house”
Rubus

database

ab ab ab = 83
aa = 40
bb = 40

Ratio 1:2:1

4

DFR SNP 1 “In house”
Rubus

database

ab aa ab = 83
aa = 99

Ratio 1:1

4

DFR SNP 2 “In house”
Rubus

database

ab ab ab = 88
aa = 50
bb = 45

Ratio 1:2:1

4

GST “In house”
Rubus

database

ab aa ab = 65
bb = 77

Ratio 1:1

4

F 3’ H “In house”
Rubus

database

ab aa ab = 77
aa = 76

Ratio 1:1

5
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4.2.6  Gene prediction of amino acid substitutions

The partial gene sequences obtained for each of the candidate genes analysed were

transferred into gene prediction software FGENESH (Section 2.2.11). This allowed

regions which may encode proteins to be predicted through the detection of coding

regions within the sequence which will imply gene structure. As a result four genes

(EXP, DFR, FLS, MIP 2) were found to contain an amino acid change caused by the

identified SNP, four genes produced no reliable prediction (Gal-dh, F3’H, GST, ANR),

one gene (TIP) showed no amino acid change while MIP 3 (size polymorphism) was not

analysed. An example of the potential effect a polymorphism can have on a candidate

gene is shown in Figure 4.5 for MIP 2. The parents are homozygous G/A in both SNP

positions which results in a 1:2:1 segregation within the mapping population. For the

partial sequence analysed, it was found that a G in SNP position 1 resulted in a

polypeptide chain of 98, whereas an A in SNP position 1 resulted in a truncated

polypeptide of only 60 amino acids. Full gene sequencing would be necessary, however,

to determine whether these are functional differences between the two alleles which may

influence phenotypic traits.
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A) MIP 2

SNP1 G
Predicted protein(s):
>FGENESH:[mRNA] 1 1 exon (s) 20 - 316 297 bp, chain -
ATGTATTTGCTAAACAATATGACAGGAGGAGGGATAATGGTTATGGGTGCTTACAGGAA
CGTGGCAGTCTCTGGCATTTCTCTTAGGGTCAGTGGCAGAGAAGACAGTGTAGACAAGA
ACAAAGGTACCGATGATCTCAGCCGCCAATCCAGTGCCCTTGCTGTACCCATCTGCCAA
CTCATTTGCTCCACCACCATACTTGGTGTACAATGTCTTCTGGAAGGCCTTGACCAACC
CTACACCAATGATTGCACCCAAAGACTGTGCTACTATGTACAGCACTGCCCTCGGCAGT
GA

>FGENESH: 1 1 exon (s) 20 - 316 98 aa, chain -
MYLLNNMTGGGIMVMGAYRNVAVSGISLRVSGREDSVDKNKGTDDLSRQSSALAVPICQ
LICSTTILGVQCLLEGLDQPYTNDCTQRLCYYVQHCPRQ

B) MIP 2

SNP1 A
Predicted protein(s):
>FGENESH:[mRNA] 1 1 exon (s) 81 - 262 180 bp, chain +
TTGGTCAAGGCCTTCCAGAAGACATTGTACACCAAGTATGGTGGTGGAGCAAATGAGTT
GGCAGATGGATACAGCGAGGGCACTGGATTGGCGGCTGAGATCATCGGTACCTTTGTTC
TTGTCTACACTGTCTTCTCTGCCACTGACCCTAAGAGAAATGCCAGAGACTGCCACGTT
CCT

>FGENESH: 1 1 exon (s) 81 - 262 60 aa, chain +
LVKAFQKTLYTKYGGGANELADGYSEGTGLAAEIIGTFVLVYTVFSATDPKRNARDCHV
P

Figure 4.5. Prediction of potential genes formed from the polymorphisms found in

MIP 2 using the gene prediction software FGENESH. Sequence A) shows the predicted

protein obtained from MIP 2 in progeny containing a ‘G’ base in the identified SNP

region. This results in a polypeptide chain (in bold) of 98 amino acids. Sequence B)

shows an individual with an ‘A’ base in the same SNP region which results in a

truncated chain of only 60 amino acids.
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4.3 Discussion

The results obtained in this chapter have allowed the identification and mapping of a

number of key genes involved in the regulation and transport of metabolites central to

fruit quality. The construction of an EST library for different fruit stages is central for

further identification and characterisation of candidate genes and transcription factors

involved in metabolic pathways.

To construct a high quality EST library it was necessary to isolate high quality RNA

from appropriate source material. The high acidity of fruit extract along with the

associated high levels of polysaccharides and phenolic compounds often creates low

quality contaminated samples which may also be degraded by the presence of RNases

(Romani et al., 1975; Woodhead et al., 1997). No functional homologs may indicate

novel raspberry genes or clones with insufficient coding sequence to accurately assign a

function. Raspberry ESTs were assigned putative functions determined by the closest

homologs identified from NCBI databases. Many other sequences and contigs were

identified with homology to known candidate genes of interest in other species, many of

which have important implications in fruit ripening and development (Woodhead et al.,

2008).

Candidate gene analysis as an approach for assessing phenotypic variations among

individuals is not a novel strategy. Work has been focusing on the potential exploitation

of candidate genes for the characterisation of disease heritability in humans (Takahashi

et al., 1992) and animal diseases as human models (Gorin et al., 1993) since the early

nineties. In plant genomics, candidate genes have been explored for an understanding of

many agronomic traits involved in both quality and disease resistance since the mid

nineties (Byrne and McMullen, 1996).

Once candidate genes have been isolated and analysed for the mapping population, the

dataset can be transferred and positioned onto the Rubus linkage map. This allows

candidate genes to be associated with previously identified chromosomal regions linked
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to phenotypic traits. If a candidate gene is found to underlie particular QTLs which are

associated with a phenotypic trait of interest, then this is further evidence in support of

the candidate gene which may account for individual phenotypic variability. Several

candidate genes of interest have now been isolated in red raspberry as a result of

utilising homologous species and current databases throughout this study which is a

major step towards marker assisted breeding strategies.

4.3.1 Aquaporin water channel proteins

Aquaporins, such as membrane and tonoplast intrinsic proteins, offer an alternative route

to the lipid bilayer for water flux by means of water channels. Aquaporins are highly

efficient and selective in their ability to conduct water in the direction of an osmotic

gradient (Agre et al., 1993) while facilitating an increase in water permeability of cell

membranes through the formation of water specific pores (Smart et al., 2001).

4.3.2   Expansin

Tissue softening is found to accompany ripening of many fruit species while often

initiating the process of irreversible deterioration. Expansins are plant cell wall proteins

expressed in growing organs which have been proposed to disrupt hydrogen bonds

found within the cell wall polymer matrix. The resultant cell wall disassembly is a key

ripening associated metabolic event in fruit which determines not only timing but extent

of fruit softening and ultimately the rate of fruit deterioration (Civello et al., 1999).

4.3.3   Galactose dehydrogenase

Due to a deficiencies found in the enzyme catalysing L-gulono-1,4-lactone

dehydrogenase in humans, primates and some other small mammals, fresh fruit and

vegetables remain the principal source of vitamin C (ascorbic acid). This vitamin has

several advantageous properties in both man, acting as an antioxidant and enzyme co-

factor, and in plants, as an antioxidant and preventing oxidative stress. As one of the last

enzymes in the defined biosynthetic pathway, galactose dehydrogenase plays a vital role

in ascorbic acid synthesis (Stevens et al., 2007).
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4.3.4   Anthocyanin reductase

Anthocyanin reductase catalyses the NADPH-dependent reduction of anthocyanidins,

such as cyanidin and delphinidin, to the 2,3-cis-flavan-3-ols epicatechin and

epigallocatechin (Xie et al., 2003). Anthocyanin synthase (ANS) is responsible for the

conversion of leucoanthocyanidins to anthocyanidins which is the first step in

anthocyanin biosynthesis. Leucoanthocyanidin reductase (LAR) is the branching point

for subsequent condensed tannin synthesis of 2,3-trans-flavan-3-ols, such as catechin,

through the conversion of leucoanthocyanidins (Xie et al., 2003).

4.3.5 Dihydroflavonol 4-reductase

Dihydroflavonol 4-reductase (DFR) is an enzyme involved in the conversion, by a

process of reduction, of dihydroflavonols to leucoanthocyanidins. An example of this is

the conversion of dihydrokaempferol (DHK) to leucopelargonidin which is the precursor

for pelargonidin production. In plants, pelargonidin is implicated in a change of flower

colour from pale pink to brick red and accounts for around 12% of the edible elements

of plants (de Pascual-Teresa and Sanchez-Ballesta, 2008). This is an important process

in the biosynthesis of anthocyanins, proanthocyanins and other flavonoids pertinent to

plant survival.

4.3.6 Flavonoid 3’-hydroxylase

Flavonoid 3’-hydroxylase (F3’H) and flavonoid 3’5’-hydroxylase (F3’5’H) are genes

belonging to the cytochrome P450 superfamily involved in the hydroxylation of

flavonoid B rings (Xie et al., 2003). These rings are involved in determining flower

colour controlling the ratio of anthocyanins present (Xie et al., 2003; de Pascual-Teresa

and Sanchez-Ballesta, 2008). F3’H initiates the synthesis of 3’-hydroxylated

anthocyanins such as cyanidin whereas F3’5’H is involved in the synthesis of 3’5’-

hydroxylated anthocyanins such as delphinidin (de Pascual-Teresa and Sanchez-

Ballesta, 2008). Pelargonidins are reported to produce red to orange colouring, cyanidin

red to violet and delpinidin a violet to blue colour (Xie et al., 2003). F3’H and F3’5’H

are also associated with the biosynthetic pathway of flavonol synthesis (quercetin and
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myricetin) and flavan-3-ols (catechin, epicatechin and epigallocatechin) in grape (Jeong

et al., 2006).

4.3.7 Flavonol synthase

The synthesis of flavonols such as kaempferol, quercetin and myricetin from

dihydroflavonols are achieved by the action of flavonol synthase (FLS) (Nielsen et al.,

2002). Flavonols are derived from dihydroflavonols forming an alternative branch of the

flavonoid pathway. This branching effect is facilitated by the action of flavonol synthase

which is a soluble enzyme requiring the presence of the cofactors 2-oxoglutarate,

ascorbate and ferrous iron to introduce a double bond between the C-2 and C-3 rings of

dihydroflavonols (Nielsen et al., 2002). This reaction requires molecular oxygen and

FLS is therefore referred to as a 2-oxoglutarate dependent dioxygenase (Wellman et al.,

2002).

4.3.8 Glutathione S-transferase

Following synthesis of anthocyanins in the cytoplasm, the molecules are transported to

the vacuole where they bind with a protein matrix forming anthocyanin vacuolar

inclusions (AVIs) (Zhang et al., 2004). This transfer is facilitated by glutathione S-

transferase (GST). GST is involved in the last defined step in anthocyanin biosynthesis

and involves the addition of a glutathione onto cyanidin 3-glucoside. This glutathione

“tag” allows the cyanidin molecule to be transported into the vacuole by means of a

tonoplast Mg ATP GS-X pump (Alfenito et al., 1998; Lu et al., 1998; Marrs et al.,

1995).

4.3.9 Hypothetical proteins

A hypothetical protein is a protein whose existence has been predicted following a

bioinformatics search which has identified a large open reading frame (but no evidence

as to its function), therefore the sequence is unassigned but could potentially encode a

protein.
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4.3.10 Major latex-like proteins

Major latex-like proteins (MLP) have been identified in several plant species including

strawberry, peach, melon, cucumber, soybean, Arabidopsis and were first identified in

opium poppy latex (Lytle et al., 2009). Although the functions of MLPs remain

unknown, they have been associated with the development of fruit and flowers and also

in pathogen defence responses in plants (Lytle et al., 2009).

4.3.11 Metallothioneins

Metallothioneins are small proteins, with a coding region of around 80 amino acids,

which contain a high proportion of Cys motifs. Found in a variety of organisms, and

often in fruit, metallothioneins are involved in the detoxification of heavy metals

including cadmium, copper and zinc (Moisyadi and Stiles, 1995).

The findings from this chapter have highlighted the importance of using various plant

sources for the isolation of candidate genes in target species. While some gene

sequences were found to be highly conserved across species others required alternative

methods for isolation. The results from the fruit EST libraries identified a large number

of polymorphisms within individual samples which suggests that employing 454 mRNA

sequence technology will yield a great deal of informative sequence data in raspberry.

Genes which were successfully isolated in this Chapter will be used to enhance the

current Rubus linkage map which is a further step towards developing marker assisted

breeding strategies.
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Chapter 5 Quantitative trait loci mapping

5.1    Introduction

Many traits of agronomic importance, such as disease resistance and organoleptic

quality, exhibit a quantitative inheritance. This often results in phenotypic inheritance

which differs markedly in its expression amongst individuals (Pflieger et al., 2001). This

is often found as a result of multiple gene involvement, many of which can be

influenced by the environment (Pflieger et al., 2001). It is the identification of molecular

markers which allow quantitative traits, such as quality, to be dissected into discrete

regions of quantitative trait loci (QTLs) (Causse et al., 2004). The existence of such

QTLs within chromosomal regions reveals the presence of at least one polymorphic

locus segregating in this location and it is this which imparts trait variation (Causse et

al., 2004). A high proportion of natural variation found within plant species can be

attributed to minor genetic changes occurring within many individual genes. In order to

explore this genetic variation and identify genes involved, a method commonly deployed

is quantitative trait loci analysis (Kearsey, 1998). Annual environmental variations are

also likely to involve a large number of genes as well as varied physiological

mechanisms involved in fruit quality traits. This could therefore lead to the detection of

different QTLs for the same trait identified in different years (Fanizza et al., 2005).

5.1.1   Quantitative trait loci mapping studies

Quantitative trait loci are regions of DNA which correspond to a continuous phenotypic

trait within a population, while displaying a normal pattern of distribution which may be

controlled by several genes of small effect or one or two genes conferring a large effect

(Collard et al., 2005). The identification of QTLs can then progress to DNA sequencing

to find genes responsible for specific variations in phenotype. Gene information can then

be inserted into databases for direct comparisons to genes of known function for a

greater understanding of genotype:phenotype relationships. QTL mapping is aimed at

the identification of loci which are responsible for the variation seen in complex

quantitative traits. By identifying the loci responsible for improved quality traits it may



175

be possible to bring favourable alleles together to produce an elite cultivar (O’Borevitz

and Chory, 2004).

One of the most studied factors for QTL analysis in economically important crops is

total soluble solids (TSS). This trait however has remained somewhat elusive due to its

polygenic nature as well as evidence suggesting a pleiotropic relationship between TSS

and fruit yield, size and overall weight (Fridman et al., 2002). Yates et al. (2004) found

fruit yield decreased while soluble solids increased in tomato while Monforte et al.

(2004) identified a different relationship between the two traits in melon. This led to the

discovery that many genes identified in tomato correlate with those in melon allowing

candidate genes identified in one plant to be transferred across to another (Monforte et

al., 2004; King et al., 2001). QTLs contributing to fruit size and shape were also found

to be similarly localised within tomato and peppers indicating these QTLs may be

orthologous. Comparative maps have so far been developed between tomato and potato,

tomato and pepper and tomato and aubergine allowing the development of synteny

between genomes (Cheng et al., 2004).

Other recent studies looked for repeatable QTLs involved in sucrose accumulation

between two different environments over two years in sugarcane. This study found TSS

to be moderately heritable despite previous breeding techniques showing limited

improvements (Aitken et al., 2006). One explanation for this may be that the QTL for

TSS has unfavourable pleiotropic effects on other traits under selection (Aitken et al.,

2006). Dirlewanger et al. (1999) identified the organic acid, sugar content and

composition of fruit to be the main contributing factors to perceived quality in peach.

Using the candidate gene strategy this study looked at QTLs associated with peach

quality by measuring factors involved in overall development such as blooming date,

maturity and sugar/acid contents over two years. QTLs were found for all agronomic

characters except skin colour while QTLs for pH and sugar content were co-located as

found in tomato (Dirlewanger et al., 1999). This led to eight putative candidate genes

being mapped for peach, (two of which had a previously known function) the remaining
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genes were selected from differential cDNA screened at early growth stages

(Dirlewanger et al., 1999).

5.1.2   Functional candidate gene analysis

A potential strategy for the identification of genes which underlie a QTL region is the

functional candidate gene approach (de Vienne et al., 1999). This method is based on the

“a priori” selection of genes, which are suspected of being functionally related to the

trait of interest. If a correlation is identified between a trait and a putative candidate gene

and a subsequent allelic polymorphism is discovered within this gene then this provides

a strong argument in favour of the candidate gene. If no polymorphism is present,

however, then the candidate gene can be ruled out of involvement in trait variation

(Etienne et al., 2002). This approach has been successful in the identification of several

candidate genes including sucrose accumulation in tomato (Klann et al., 1996) and

carotenoid accumulation in red pepper (Huh et al., 2001).

5.1.3 Linkage maps

Genetic linkage is the inheritance of genetic loci or alleles found on the same

chromosome which are located in close proximity to each other which, as a result, stay

together during meiosis. The first genetic linkage map was constructed in 1915 by

Thomas Hunt Morgan (Goodenough, 1984). Morgan proposed that genes which are

located in close proximity to one another on a chromosome are most likely to assort with

each other on a regular basis (close linkage) compared with those which are located

further apart (Watson et al., 2004).  It was reasoned therefore that genes could be located

according to their relative position to one another on a chromosome in the form of a

genetic map (Watson et al., 2004). This was carried out using the number of

recombination events as a measure of proposed distance between genes. One

centimorgan (cM) is defined as the distance between genes in which one product of

meiosis in one hundred is recombinant (Goodenough, 1984).
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The production of linkage maps can facilitate the development of molecular markers

with the identification of genes which underlie phenotypic traits. These differences in

phenotypic traits may be identified in several ways including the appearance of

enzymatic activities or variations in restriction fragment length (Mohan et al., 1997).

Once the appropriate number of markers have been identified segregating in a desired

mapping population, a linkage map can be constructed by first grouping the markers into

appropriate linkage groups. The number of linkage groups will ideally equal the number

of haploid chromosomes (Graham et al., 2008). Once a comprehensive linkage map has

been developed identifying molecular markers across the chromosomes, these can be

used to examine homology which may exist between other Rosaceous crops as well as

looking for synteny between the position/ordering of markers identified on anchored

physical maps.

5.1.4   Genetic Markers

Genetic markers are specific DNA sequences which represent genetic differences which

are present between organisms or species. While they do not represent individual genes

they are indicative of their presence. These markers do not necessarily affect the

phenotype of individuals but are linked to the genes which control the trait (Paterson,

1996). Molecular markers are the most abundantly found and used type of marker and

these vary in format from point mutations to insertions, deletions and tandem repeat

errors and include restriction fragment length polymorphisms (RFLPs), random

amplified polymorphic DNAs (RAPDs) amplified fragment length polymorphisms

(AFLPs), simple sequence repeats (SSRs; microsatellites), and single nucleotide

polymorphisms (SNPs) (Paterson, 1996). While morphological and biochemical markers

are found to be influenced by environmental and developmental factors, molecular

markers are not (Collard et al., 2005). Molecular markers and resultant linkage maps are

useful tools for the identification of genes underlying both quantitative and qualitative

traits (Tanksley et al., 1989). Candidate genes which underlie these QTLs can then be



178

proposed from an understanding of the biochemical or developmental pathways which

are known to affect the trait of interest (Pot et al., 2006).

5.1.5   Quantitative trait loci validation

Genetic markers are a common means for enhancing the selection of new cultivars with

specific quantitative traits. It has been recognised, however, that quantitative trait loci

(QTL) must first be validated across a wider genetic background before marker assisted

selection (MAS) can commence (Knoll and Ejeta, 2008). It was suggested by

Dudley (1993) that there are three important factors regarding whether a QTL marker

identified within one population can be selected for in an unrelated population; firstly

the presence of marker QTL segregation, which may be in the form of a polymorphism

within the QTL or marker of choice, secondly the linkage phase of the marker and QTL

of interest should be identified (coupling or repulsion) and thirdly possible epistatic

interactions between the QTL and other loci must be explored (Dudley, 1993).

It would be wrong to assume that marker-QTL linkage will still be present in different

genetic populations or environments, particularly when the phenotypic trait is of a

complex nature such as quality (Reyna and Sneller, 2001). QTL mapping experiments

must therefore be validated over several years and/or environments in order to be

transferrable across populations (Kenis et al., 2008). Such QTL validation involves

testing marker effectiveness in the determination of a targeted phenotype in unrelated

populations or in individuals from a wider genetic background (Collard et al., 2005).

Therefore, if markers are to be considered useful in a breeding programme they must

reveal polymorphisms across a range of populations (Langridge et al., 2001).

5.1.6   Genetic Diversity

In tomato, as with many other self pollinating crops, a reduced level of genetic variation

has been identified in elite cultivars in comparison to their wild relatives. As a result

Tanksley and McCouch (1997) proposed that wild germplasm containing novel alleles

could be introduced into elite cultivars to increase genetic variation and hence crop
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quality. This has proven successful in tomato where Frary et al. (2002) introduced

selected DNA inserts from wild to elite species resulting in an increase in soluble solid

yield, colour, viscosity and earlier fruit ripening. As a result, QTLs for soluble solids

were found to be located on different introgressions in two separate wild species

indicating the possibility of combining such QTLs via cis recombination into an elite

variety (Yates et al., 2004). This involved constructing overlapping introgressions for

portions of chromosome 4 from two wild tomato species which led to the identification

of multiple non-allelic loci responsible for soluble solids and fruit weight content in

individuals as well as shape and epidermal reticulation co-localised within a single

chromosomal region (Yates et al., 2004). Similar studies in raspberries found a reduction

in both morphological and genetic diversity between cultivars, as a result of

domestication, leaving wild germplasm as a potential reserve for genetic diversity

(Graham et al., 2002). This similarity in modern cultivars raises concerns as a lack of

genetic diversity can lead to inbreeding depression as well as an increased susceptibility

to external stresses (Graham et al., 2003; 2007). The introduction of new genes from a

different background can reverse the deleterious effects encountered through inbreeding

which, following the identification of QTLs linked to desirable traits can be combined in

order to produce an elite cultivar targeted towards the high-value fresh market. This

chapter aimed to enhance the current Rubus linkage map with the addition of candidate

genes and ESTs identified in Chapter 4. QTL mapping of phenotypic traits analysed in

Chapter 3 will then allow chromosomal regions to be associated with markers and genes

which is a major step towards MAB.

5.2 Results

5.2.1   Linkage map construction

A linkage map from two diverse raspberry cultivars, the European cv. Glen Moy and the

North American cv. Latham (ca. 60% similarity; Graham and McNicol, 1995) produced

an initial map with SSRs, derived from genomic and cDNA libraries and AFLP markers

(Graham et al., 2004), while an enhanced map used additional EST-SSR and gene

markers (Graham et al., 2006). This linkage map has been further updated following the
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addition of candidate genes and ESTs derived from this project, using JoinMap 3 (Van

Ooijen and Voorrips, 2001). Markers were tested for heterogeneity (using the chi-

squared test in JoinMap), and markers with significant heterogeneity were excluded.

Markers were partitioned into linkage groups using a LOD from 10.0 to 4.0 (Table 5.1).

Map distances between markers were derived using the Kosambi mapping function to

convert recombination units into genetic distances (Kosambi, 1944).

5.2.2   Candidate gene mapping

The identification and isolation of putative candidate genes served to enhance the

current Rubus linkage map while facilitating the potential of marker assisted breeding

strategies. Candidate genes (identified in Chapter 4) were added to the current genetic

linkage map in order to identify any trait association which may exist between genes and

phenotypic variation (Table 5.2).  The mean chi-squared values, obtained from JoinMap

3.0, were used as an indication of the goodness of fit of regression mapping to the

pairwise estimates of recombination frequencies for all markers and candidate genes

obtained. The results for all linkage groups were within a range of 0.152 to 4.180

indicating good support for the ordering of markers within groups.
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Table 5.1. Raspberry genetic linkage map based on 283 markers mapped after round 1 and 2 of Joinmap 3.0 analysis.

Linkage group cM AFLP SSR EST-SSR Bac-SSR Candidate genes Mean marker distance

1 171.0 13 10 4 4 3 5.03 cM

2 148.6 30 8 6 7 6 2.61 cM

3 158.7 35 16 6 2 2 2.60 cM

4 148.9 13 11 4 1 5 4.38 cM

5 106.0 26 10 6 1 3 2.30 cM

6 105.9 25 6 1 4 0 2.94 cM

7 81.7 4 2 6 1 2 5.45 cM

                                181
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Table 5.2. Raspberry candidate gene and QTL mapping

Candidate Gene Function LG Traits with significant
association to gene

Tonoplast Intrinsic
Protein (TIP)

Transporter 2 Colour
Brix
Total anthocyanins

Membrane
Intrinsic Protein
(MIP 1/2)

Transporter 2 Colour
Weight

Membrane
Intrinsic Protein
(MIP 3)

Transporter 2 Colour
Weight

Galactose
Dehydrogenase
(Gal-dh)

Acid
biosynthesis

4 Weight

Flavonol synthase Flavanol
pathway

4 Colour
Total anthocyanins

Glutathione S-
transferase

Transportation
of flavonoid
compounds

4 Colour
Total anthocyanins

Dihydroflavanol 4-
reductase

Anthocyanin
pathway

4 Colour
Total Anthocyanin

Flavonoid
3’Hydroxylase
F3’H

Flavonoid
biosynthesis

5 Weight
Brix
Total phenol

Expansin (EXP) Cell
expansion

7 pH

Contig 16 Unknown 6 Colour

Contig 21 Hypothetical 3 Colour

Contig 24 Hypothetical 3 Colour
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5.2.3 QTL analysis

QTL mapping was carried out using the MapQTL 5 software (Van Ooijen, 2004). A

Kruskal-Wallis test was used as a preliminary assessment to identify regions of the

genome linked to each of the phenotypic measurements across seasons and site (Chapter

3) and whether the phenotype was affected by alleles from one parent or from both. A

permutation test with 1000 permutations was used to establish 95% and 99%

significance levels for QTL interval mapping (IM), with a LOD score of 4.3 and 5.1

respectively, selected for a four-mean QTL model. If the Kruskal-Wallis analysis

indicated that the phenotype was affected by alleles from only one parent, the trait can

be analysed using a two-mean QTL model, although for this analysis a four-mean QTL

model was adopted for all traits.

For the purpose of QTL illustration in this thesis, the bars representing individual QTLs

have been aligned directly opposite markers which underlie the trait. This was carried

out as many of the linkage groups (LG) are saturated with markers making individual

marker associations difficult to determine when a large number of QTLs are presented.

All seven linkage groups, or chromosomes, were identified as having significant

associations with raspberry fruit quality traits.

5.2.3.1 Linkage group 1

Measures for ten berry weight mapped to LG 1 for all three environments in 2007 and

2008 only. The most significant markers for fruit weight include bes_Ri31G22R (81.8

cM) and bHLH (107.5 cM) accounting for 21.4% and 13.4% variation respectively.

QTLs were also detected for pH in the field (mid point Rub262b, 95.8 cM) and the

commercial (Ri4CL3SNP, 3.4 cM) fruit only. One QTL was recorded for total phenol

measurements from the SCRI protected tunnel with a mid point at Rub262b accounting

for 15% trait variation (Figure 5.1).
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Figure 5.1. QTL regions on linkage group 1. Check boxes represent SCRI field (F),

filled boxes SCRI protected (PT) and striped boxes represent commercial protected sites

(CT). Each trait is identified with an abbreviation (i.e wgt: weight, Phen: phenol)

followed by the site (F, PT or CM) and the year (06, 07 or 08).
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5.2.3.2 Linkage group 2

All measures for colour, whether visual or instrumental, mapped to LG 2 and were

stable from year to year and site to site. Candidate genes have been identified for certain

colour QTL. The mid-point of a range of QTLs on LG 2 were the raspberry aquaporin,

TIP at 99 cM (transporter) but other transport genes have also been identified in this

region including two MIPs (86.3 to 88.0 cM). This major QTL explained around 21% of

the variation and was found across all sites and seasons.

A Kruskal-Wallis test was used for preliminary identification of areas of the genome

affecting colour and other measurements, using a significance level p <0.001. This

identified a region close to marker bes_Ri29G13R (97.7 cM) and Rub6a (101.9 cM) on

LG 2, containing aquaporins (MIP and TIP), as associated with colour meter

measurements, visual scores and total anthocyanin (TA) for most combinations of sites

and years (Figure 5.2). Markers from both parents were significant in this region

(p <0.001).

Table 5.3 shows the results obtained for a selection of traits in response to marker

Ri29G13R. Individuals with an a allele were found to contain higher values of total

anthocyanin, total phenol, oBrix, ten berry weight and visual colour measurements, while

displaying lower values for colour meter measurements Yxy. Individuals with a b allele

showed high colour meter measurements and lower visual and total anthocyanin results

while the d and c alleles were found to display intermediate results.
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Figure 5.2. QTL regions on linkage group 2. Check boxes represent SCRI field (F),

filled boxes SCRI protected (PT) and striped boxes represent commercial protected sites

(CT). Each trait is identified as follows: CM, colour meter; Vis, visual colour; Brx,
oBrix; Anth, total anthocyanin and wgt, ten berry weight.
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Table 5.3. Potential marker from LG 2 for marker assisted breeding. The preferential

allele combination for each trait is highlighted in bold. (Results displayed were obtained

from the SCRI polytunnel, 2008 and were reflected across environments).

Marker Ri29G13R  (97.7 cM)
Trait measurement Allele combination

ac ad bc bd Std Dev

Y 15.2 15.7 15.8 16.7 0.6

X 0.383 0.384 0.385 0.386 0.002

Y 0.319 0.320 0.320 0.321 0.001

∆E 53.2 52.8 52.8 51.9 0.6

Visual colour 3.7 3.3 3.2 2.7 0.4

Anthocyanins 94.0 92.4 77.6 58.7 16.4

Total phenol 137.8 133.3 137.4 132.1 2.9
oBrix 7.8 7.5 7.8 7.6 0.2

Ten berry weight 37.4 34.4 33.1 34.8 1.8
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5.2.3.3   Linkage group 3

Several markers across linkage group 3 were significant (p <0.001), particularly for fruit

harvested in 2006 from the field (p <0.0001), but four separate QTL clusters were

identified. The first QTL cluster, for colour, at the top of the LG had a mid point at

Leaf86 (32.6 cM) accounting for 17% of the variation. The next QTL for colour, oBrix

and total anthocyanins had a midpoint at Rub2a1, an SSR (63.2 cM) with a variation of

between 15% and 23%. Rub2a1 was found to segregate in both parents and was

putatively identified as an aminotransferase.

A further QTL for colour, total anthocyanins and total phenols, contained a MYB (82.5

cM) and a 4CoA ligase gene (Ri4CL1SNP, 83.6 cM) and accounts for 15% variation

(Figure 5.3). Two MYB genes were mapped together on LG 3 associated with ripening

in raspberry, particularly in the transition from green to red fruit (Graham et al., 2009).

MYB genes are known to control phenylpropanoid metabolism including anthocyanin

accumulation in fruit but also have important roles in many other aspects of plant

development including trichome development, signal transduction, disease resistance

and cell division (Koes et al., 1994). Rub2a1 was significant (p <0.001) for Yxy and TA

and for the visual colour score (p = 0.014). Allele combinations of ac and bc for this

marker had significantly higher values for colour meter values (Yxy) and were

significantly lower for visual colour, total anthocyanins and total phenol than the ab and

bd combinations. This indicates that it is the ‘Glen Moy’ allele which is most important

here (Table 5.4).
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Figure 5.3. QTL regions on linkage group 3. Check boxes represent SCRI field (F),

filled boxes SCRI protected (PT) and striped boxes represent commercial protected sites

(CT). Each trait is identified as in Figure 5.2.
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Table  5.4. Potential marker from LG 3 for marker assisted breeding. The preferential

allele combination for each trait is highlighted in bold. (Results displayed were obtained

from the SCRI polytunnel, 2008 and were reflected across environments).

Marker Rub2a1 (63.2 cM)
Trait measurement Allele combination

ac ad bc bd Std Dev

Y 16.2 15.5 16.6 15.6 0.5

X 0.390 0.382 0.388 0.381 0.004

Y 0.320 0.319 0.321 0.319 0.001

∆E 52.9 52.8 52.3 52.7 0.3

Visual colour 3.2 3.5 3.1 3.3 0.2

Anthocyanins 76.8 91.0 63.3 86.8 12.3

Total phenol 120.6 155.7 115.2 132.3 18.0
oBrix 7.9 7.8 7.5 7.5 0.2

Ten berry weight 36.1 36.7 37.3 32.0 2.4
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5.2.3.4   Linkage group 4

LG 4 contained two discrete QTL clusters which were significant for 2007 and 2008

only (Figure 5.4). The first region accounts for around 12% variation and contains three

genes involved in anthocyanin biosynthesis, flavonol synthase (RiFS), dihydroflavonol

4-reductase (RiDFR1 and 2) and glutathione S-transferase (ERUB161). FLS is a key

enzyme in flavonoid biosynthesis regulating the balance between anthocyanin and

flavonol synthesis with mutant fls1 seedlings in Arabidopsis showing enhanced

anthocyanin levels (Stracke et al., 2009).

Marker FLS (ab × ab marker at 73.1 cM) on LG 4 was significant for colour meter

analysis (particularly sample brightness, Y), the visual score and TA (p <0.001). The bb

genotype had significantly lower values of Y, x and y and significantly higher visual

scores and TA than the aa genotype, while ab was intermediate. Similiarly, for

dihydroflavonol 4-reductase (RiD4R2, 64.6 cM) the bb genotype was found to confer

lower Yxy values and higher total anthocyanins while the aa genotype displayed higher

total phenol, oBrix and ten berry weight measurements (Table 5.5). The second QTL

region, significant for visual colour analysis in fruit from the SCRI field and protected

tunnel in 2007 only, contained an EST-SSR, FruitE4 (110 cM), encoding a bZIP

transcription factor (Kassim et al., 2009). A single discrete QTL was also found on LG 4

for fruit weight under protected covering at SCRI which has a mid point at

RaspGalDHSNP at 114.8 cM (galactose dehydrogenase) accounting for 10% variation.

A number of genes in the organic acid (galactose dehydrogenase), anthocyanin and

flavonol pathways (flavonol synthase and dihydroflavonol 4-reductase) were identified

on LG 4 as well as a gene involved in flavonoid transportation (glutathione S-

transferase). bZIP transcription factors can be expressed constitutively or tissue

specifically and regulate diverse processes including photomorphogenesis and hormone

signalling (Holm et al., 2002).  Precise roles for the transcription factors underlying

antioxidant QTL remain unclear but roles in light or hormone signalling cannot be ruled

out.
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Figure 5.4. QTL regions on linkage group 4. Check boxes represent SCRI field (F),

filled boxes SCRI protected (PT) and striped boxes represent commercial protected sites

(CT). Each trait is identified as in Figure 5.2.
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Table 5.5. Potential markers from LG 4 for marker assisted breeding. The

preferential allele combination for each trait is highlighted in bold. (Results displayed

were obtained from the SCRI polytunnel, 2008 and were reflected across environments).

Candidate gene, Flavonol synthase (RiFLS at 73.1 cM)
Trait measurement Allele combination

aa ab bb Std Dev

Y 16.2 15.7 15.5 0.4

X 0.388 0.384 0.382 0.003

Y 0.321 0.320 0.319 0.001

∆E 52.6 52.8 52.8 0.1

Visual colour 3.1 3.2 3.7 0.3

Anthocyanins 68.9 82.0 94.5 12.8

Total phenol 134.2 141.5 127.6 7.0
oBrix 7.8 7.6 7.5 0.2

Ten berry weight 36.4 34.1 34.6 1.2

Candidate gene, dihydroflavonol 4-reductase (RiD4R2 at 64.6 cM)
Trait measurement Allele combination

aa ab bb Std Dev

Y 16.1 15.7 15.6 0.3

X 0.386 0.385 0.381 0.002

Y 0.320 0.320 0.319 0.001

∆E 52.6 52.9 52.6 0.2

Visual colour 3.3 3.3 3.4 0.1

Anthocyanins 73.7 82.9 89.2 7.8

Total phenol 142.7 137.4 129.0 6.9
oBrix 7.87 7.59 7.70 0.1

Ten berry weight 36.9 35.7 33.8 1.6
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5.2.3.5   Linkage group 5

Three significant QTL regions were found on LG 5 related, predominantly, to fruit

weight and total soluble solids (oBrix) with many clusters showing stability across both

site and season. The first QTL region had a mid point of RubnebAo9b (28.5 cM) and

included QTLs for weight, oBrix, pH and total phenol content in a chromosomal region

in close proximity to the candidate genes flavonoid 3’-hydroxylase (F3’H) and

polygalacturonase (RiPG). The second main QTL cluster for weight and oBrix, spans

around 15cM and contains an AFLP marker P13M60-110 (65.3 cM) as the mid-point

(Figure 5.5) accounting for 15% variation for each individual QTL. The final QTL

cluster for weight and oBrix, contains the MADS-01 at 82.7 cM (MADS-Box)

transcription factor, involved in flavonol biosynthesis, reproductive, leaf and root

development (Vrebalov et al., 2002).
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Figure 5.5. QTL regions on linkage group 5. Check boxes represent SCRI field (F),

filled boxes SCRI protected (PT) and striped boxes represent commercial protected sites

(CT). Each trait is identified as in Figure 5.2.
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5.2.3.6   Linkage group 6

LG 6 contained a scattering of discrete QTLs for colour meter and visual colour

measurements only. In particular colour measurement y which identifies individual

colour wavelengths was found to be significant across sites and seasons. The genomic

SSR, Rub118b (8.3 cM) was found to be the most significant marker on LG 6 with 14%

trait variation explained (Figure 5.6).

Although the dominant AFLP markers are most significant around the QTL regions on

LG 6 there were two significant co-dominant EST-SSRs, Leaf 97 (2.8 cM) and Leaf 102

(13.2 cM). Leaf 102 is an ab × aa marker with no (current) identified homology. Leaf 97

has been identified as having significant homology (p = 0.017) with a cyclin 2b protein

(Graham et al., 2004).



197

118bbac38J3F0.0
118bbac38J3R2.0
LEAF972.9
P13M39-109R4.5
P14M61-1645.8
E41M40-3157.1
E40M43-827.7
RUB118b8.3
E41M31-1569.1
P14M61-1569.9
P13M60-158R10.7
P12M55-17711.0
P14M39-38311.9
E40M43-20512.2
LEAF10213.4
P13M58-23016.0
P13M61-25818.1
P14M61-23822.9
P13M40-8524.7
E41M39-15527.4
P13M58-26531.1
P13M40-12940.4
P14M39-23242.0
Rubnebp41956.6
RUB123a60.7
RUB1b65.8
RUB43a67.1
P14M39-41868.8
P14M61-21770.6
P13M95-117R72.8
E40M61-27775.0
bes_Ri12M23R bes_Ri12M23R26680.3
E40M50-16785.4
P13M40-18795.5
E41M42-248105.9

C
M

_F
_06 (LO

D
 4.8)

C
M

_P
T

_07_08 (LO
D

 4.5)

C
M

_C
T

_08 (LO
D

 3.3)
V

is_P
T

_07 (LO
D

 3.6)

6

Figure 5.6. QTL regions on linkage group 6. Check boxes represent SCRI field (F),

filled boxes SCRI protected (PT) and striped boxes represent commercial protected sites

(CT). Each trait is identified as in Figure 5.2.
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5.2.3.7   Linkage group 7

LG 7 contained three QTLs which were detected in 2008 only. Although the QTLs

detected showed a lower threshold LOD than all others reported, both KW and IM

indicated that these markers were involved in trait variation. One QTL, located at the top

of the LG, for pH in fruit grown at the SCRI protected site had an expansin gene (13.2

cM) underlying the trait which was responsible for 8% variation. At the lower end of the

LG (67.6 cM) a QTL for SCRI protected and field grown fruit was detected for oBrix

and colour meter analysis in a region spanning 16 cM. This area accounted for around

8% of trait variation and contained a number of interesting markers (Figure 5.7).

RootH01001 (70.4 cM) showed significant homology to xyloglucan

endotransglycosylase (Woodhead et al., 2008) which is a major component of the

primary cell wall (Eckardt, 2004). RiPL is a pectate lyase gene which catalyses the

cleavage of de-esterified pectin which is a major component of the primary cell wall and

also acts in the activation of plant defence systems (Marĩn-Rodrĩguez et al., 2002; J.

Graham, personal communications). Finally a PKS5 gene (78.8 cM), which is a member

of the aromatic polyketide synthase (PKS) family, identified as a chalcone synthase

gene, underlies this QTL. With at least 11 different PKS genes identified in raspberry to

date, these genes carry out a number of functions, for example acting as precursors for

flavonoid synthesis and aroma volatiles (Zheng and Hrazdina, 2008).
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Figure 5.7. QTL regions on linkage group 7. Check boxes represent SCRI field (F),

filled boxes SCRI protected (PT) and striped boxes represent commercial protected sites

(CT). Each trait is identified as in Figure 5.2.
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5.2.4 QTL heritability

Trait heritability is the expression of the proportion of total phenotypic variation

obtained within a sample which has been contributed by genetic variance (Goodenough,

1984). Heritability can be expressed as either broad sense, which reflects all possible

genetic contributions to phenotypic variance, or narrow sense, which quantifies only the

proportion of phenotypic variation which is additive in nature and therefore more

informative regarding variation within a specific population. Therefore if a trait is found

to have a narrow sense heritability of 1 (100%) then this trait is expressed without

environmental influence. Similarly if a trait shows a heritability of 0.5 (50%) this

intimates a trait which is expressed as a result of both environmental and genotypic

factors (Goodenough, 1984).

The colour measurements from the mapping population of 188 progeny were analysed

using the statistical programme Genstat 10 for Windows (Genstat, 2007) to determine

correlations among measurements and heritability. As 2006 analysed one open field site

only, heritability was estimated from 2007 and 2008 trials.

 In 2007 and 2008, a single replicate of each genotype was available from each site in

each year. Heritability was estimated as:

)/( 222222
GSYGYGSGG cbaah  

where 2
G , 2

GS , 2
GY  and 2

GSY are the variance components for genotypes, genotype ×

site interaction, genotype × year interaction and genotype × site × year interaction, a ≤ 6

(number of sites × number of years), b ≤ 3 (number of sites) and c ≤ 2 (number of years).

Heritabilities (h2) were found to be between 65.4 and 79.6% across the two years

analysed (Table 5.6) which indicates the ability to improve traits in an appropriate

marker assisted breeding strategy.
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Table 5.6. Heritability estimates for fruit grown in 2007 and 2008

2007 and 2008 Heritability estimates

Trait 2
G

2
GS 2

GY 2
GSY h2

Y 0.820 0.000 0.000 1.056 76.8%

x 2.2 ×10-5 2.4 ×10-6 5.7 ×10-7 4.8 ×10-5 65.4%

y 2.0 ×10-6 1.7 ×10-8 0.00 2.1 ×10-6 79.6%

Visual 0.420 0.003 0.007 0.641 73.2%
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5.2.5 QTL validation

A selection of candidate genes underlying QTLs of phenotypic interest were validated

by examining the link between polymorphisms found in a segregating population with

those in a wider gene pool. Ten individual genes/markers were selected for validation

(Section 2.4.3) and from this 14 previously identified SNPs, present in cv. Latham, were

analysed in 12 individual cultivars. Polymorphisms were detected in all named cultivars,

selected on the basis of their colour or quality attributes, for the candidate genes

identified in the mapping parents and these ranged from only one SNP detected in cv.

Blacknight to eight in cv. Prestige and cv. Glen Shee (Table 5.7). Although it would be

possible to identify further genetic differences within the candidate genes studied and

between cultivars, for the purpose of this study only the previously identified SNPs from

cv. Latham were analysed. An example of one SNP detected in flavonol synthase can be

seen in Figure 5.8 for the parents as well as the 12 individual cultivars.

The phenotypic consequence found in individuals, as a result of a polymorphism, will

depend on where the SNP is located. A SNP in the coding region of a gene, for example,

may cause an alteration in protein function or structure (Syvänen, 2001). Likewise a

SNP within a promoter region can affect transcription factor binding and hence gene

expression (Abraham and Kroeger, 1999). Most SNPs are found within non-coding

regions of the genome, the majority of which have no direct effect on individual

phenotypes, they do however, make useful markers for subsequent population, linkage

disequilibrium and evolutionary studies as well as roles in MAB strategies (Syvänen,

2001). While gene prediction software identified potential amino acid changes in

polypeptides in four of the candidate genes mapped, it was impossible to accurately

predict SNP location and hence phenotypic consequence in partial gene sequences.
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Table 5.7. Single nucleotide polymorphisms identified in a range of raspberry germplasm for a selection of candidate genes

Cultivar Reason for
interest

TIP MIP 2 MIP 3 EXP FLS ANR DFR bHLH MYB 118b

Blacknight Black raspberry 1

Blacksatin Black raspberry 1 1 1

Glen Coe Purple fruit 2 1 1 1

Willamette
Spinefree

Darkest red fruit 1

Chilliwack Very dark red 2 1

Malling Jewel Dark red fruit 2 1

Latham Dark red fruit 1 2 1 1 2 1 2 2 1 1

Glen Ample Quality, flavour
and large fruit

1 1 1 1

Tulameen Flavour, quality
and glossy fruit

1 1 1

Glen Moy Quality, pale red
fruit

2 1 1 1 1 1

Rose d’cote
d’or

Very aromatic 2 1 1

Prestige Yellow
receptacles

2 2 1 1 1 1

Glen Shee Very pale red 1 2 1 1 1 1 1

Golden Queen Yellow fruit 2 2 1 1
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Figure 5.8. Single nucleotide polymorphisms detected in flavonol synthase for the mapping parents and a selection of raspberry germplasm.

The SNP previously identified and mapped within the segregating mapping population was analysed across a diverse range of raspberry

germplasm in order to confirm the presence of polymorphisms in new populations.
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5.3 Discussion

A total of 75 putative QTLs were detected for all of the traits analysed. For each

attribute assessed, between 4 (for pH) and 22 (colour meter) QTLs were discovered.

Phenotypic variations explained by the QTL (R2) were estimated within the MapQTL

software and ranged from 32% for total anthocyanins to 8% for ten berry weight which

was the lowest limit of detection included. Eight QTLs showed an R2 of less than 10%,

55 QTLs between 10% and 20%, 9 QTLs had an R2 of 20% to 30% and the remaining 3

QTLs had an R2 above 30%. It is likely that these latter QTLs, for colour meter and

visual measurements in fruit grown under protection, may be considered as containing

major genes and include TIP and RUB6a on chromosome 2.

Several clusters of QTLs were identified mainly located on chromosomes 2, 3 and 5.

These clusters may be indicative of either a fortuitous linkage or due to the segregation

of a unique QTL which may control two traits as a result of a causal relationship

between traits or related metabolisms. These co-located areas can be compared with the

original correlations identified in Chapter 3 as two related traits would be expected to

share common QTLs. The results of this Chapter can be used for marker assisted

selection in order to transfer the favourable quality characteristics inherited from cv.

Glen Moy into elite lines with darker colouring (higher anthocyanin content) and root rot

resistance obtained from cv. Latham. As a result of the number of QTLs detected, many

of which showed strong phenotypic effects, genetic progress is expected.

Improving fruit quality in red raspberry is one of the major goals facing soft fruit

breeders across the world. Meeting consumer demand regarding fresh fruit quality and

environmental concerns as well as superior fruit which are resistant to many pests and

diseases would facilitate a quantum leap in raspberry genetics. Gene function, regulation

and expression can be identified through the mapping and sequencing of plant genomes

(Ribaut and Hoisington, 1998). The construction of high resolution linkage maps is

paving the way for molecular markers which can identify and tag desirable genes.

Composite interval mapping (CIM) allows the data collected across different
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environments and seasons to become integrated into joint analysis which can establish

‘stable’ QTLs for detailed study. CIM can also be combined with linkage mapping to

identify QTL regions across the genome which could further elucidate coupled QTLs

(favourable alleles from the same parental lines) and those in repulsion (favourable

alleles from different parental lines) for MAB programmes (Ribaut and Hoisington,

1998).

A fruit size QTL identified in tomato (fw2.2) was one of the first to be tagged in plants

and was reported to account for between 30 to 47% of the phenotypic variation. This

QTL was later cloned and the gene was found located within 1.6 cM of the original QTL

peak (Frary et al., 2000). Other QTLs have since been found linked to genes situated

close to the original peak and these include the flowering time gene Cry2 found in

Arabidopsis which was 0.8 cM from the QTL peak and Xmwg79 associated with protein

content of wheat which was 0.2 cM from the QTL peak (Price, 2006). These studies

show that candidate genes can be accurately identified for specific traits by looking at

the genes found located around the QTL position to within 0 to 1.9 cM either side of the

proposed major QTL peak and between 0 and 3 cM of a small QTL peak. These genes

can then be individually tested for candidacy in regards to the presence of allelic

diversity or polymorphisms associated with the trait of interest (Price, 2006).

All candidate genes present within a QTL region will absorb the QTL peak when tested

against it statistically, so they are not always conclusive as to their involvement, it will

depend how many genes are subsequently identified within the region. Progress in any

breeding programme is based on the amount of genetic variability available and the

effectiveness of the selection and evaluation of the trait in question. Once the genetic

control of traits contributing to sensory qualities has been identified, linkage of such

traits to molecular markers heralds the future of plant breeding (Graham and Jennings,

2009). A more accurate way of assessing genetic variability and trait selection would be

at the genetic level. Markers can assess allele diversity across a range of germplasm, or

markers can be examined for linkage to the trait or QTL underlying more complex traits.
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A prerequisite for genotypic selection is the establishment of associations between the

trait of interest and genetic markers which requires the development of markers and

linkage maps to allow this to proceed effectively. In order to facilitate successful QTL

mapping in a species, it is necessary to have a high density genetic map of even marker

coverage as well as good phenotypic data derived from the same population. High

heritability estimates have been found for colour meter values and visual colour analysis,

both of which were related to total anthocyanins content in red raspberry, paving the

way for improvements to fruit colour and anthocyanin content through plant breeding.

Following the identification of several important allelic combinations in genes and

markers associated with phenotypic traits of interest (Section 5.2.3), the ability to

improve fruit traits through the utilisation of molecular tools becomes a reality.

Due to the complexity of fruit quality it was not expected to identify a specific marker or

gene within the selected genetic pool, used for QTL validation, which conveys complete

trait variation. Instead this study aimed to identify polymorphisms within an unrelated

population in which to confirm the transferability of marker assisted selection. As the

majority of major QTLs identified were present across environments and seasons, within

a segregating population, the next phase in validation involved analysis within a new

population. As this was not feasible within the scope of this project a smaller subset of

raspberry germplasm were selected in which to test a selection of genetic markers and

genes deemed significant. This resulted in a number of polymorphisms identified for all

of the markers tested and showed the narrow genetic base found in domesticated

raspberries. This restricted genetic diversity is of great concern for future Rubus

breeding, particularly in the development of new high quality fruit which is resistant to a

variety of pests and diseases. The gene base can, however, be increased following the

introduction of wild raspberry material and the utilisation of more species-like cultivars

such as ‘Latham’.

This study has highlighted the high levels of heterozygosity found in ‘Latham’ and

‘Glen Moy’ cultivars while paving the way for the development of new genetic crosses
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which are based on both segregating characteristics within individuals and independent

levels of polymorphisms. The level of transferability of the studied markers may prove

useful for future population genetics and diversity studies in raspberry and indeed

related species as well as their proposed use in a raspberry breeding programme. As the

Rubus linkage map and resultant QTLs become closely associated with functional EST-

SSRs and candidate genes it becomes possible to utilise these in the identification of

BACs which can then be used to link genetic and physical maps for Rubus.
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Chapter 6 Discussion, conclusions and future direction

6.1 Summary of findings

Strategies which can improve identification, selection and monitoring of desirable plant

characteristics in breeding, are critical to secure improvements in the genetic resources

of food and agriculture. Marker assisted selection is a prime example of an emerging

technology utilising DNA sequences associated, through linkage mapping, to genes

which affect a phenotype. Markers can then be used to track individual genes, genomic

sequences or alleles known to affect specific phenotypic traits (Ruane and Sonnino,

2007).

The purpose of this thesis was to gain an insight into the underlying genetic and

environmental factors relating to red raspberry quality, and hence identify potential

markers useful for molecular assisted breeding strategies. This study demonstrates the

need for a multivariate approach towards understanding and identifying components

underlying quality traits in red raspberry. While seasonal effects were evident for many

phenotypic traits analysed, the potential to enhance quality by genotypic selection was

clear.

Shewfelt (1999) suggested quality can mean different things depending on where in the

distribution chain it is being assessed and by whom i.e. the stakeholders. There is a

complex relationship between product oriented quality characteristics, inherent attributes

which can be readily quantified, while consumer oriented quality is defined as consumer

satisfaction, which is less tangible, can be difficult to quantify but more relevant to

market success (Shewfelt, 1999). Although Abbott (1999) described quality in terms of

instrumental and sensory measurements, in practice these do not combine to provide a

robust indication of overall consumer acceptance. Researchers prefer instrumental

measurements for quality attributes over sensory evaluations (and dislike consumer

testing), for research purposes, as these are found to reduce variation, are more precise

and provide a common language for researchers (Abbott, 1999; Shewfelt, 1999).
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Marketers and multiple retailers, however, take a more complex view often focusing on

fault aversion.

Work presented in Chapter 3 described the evaluation of a phenotypically diverse

mapping population to establish variations in fruit quality traits desirable to growers,

multiple retailers and consumers, although these may differ and possibly conflict. There

were several key findings identified through phenotypic analysis with particular

emphasis on the effect of site and season on trait variation.  Importantly, for the

experimental work, initial findings showed no significant quantitative differences for

any of the traits within a season between fruit of repetitions or clones from a single site,

allowing more progeny to be analysed across sites and season. Similiarly oBrix analysis

showed no significant differences regarding fruit treatment: squeezed juice or blended

puree. On the other hand colour co-ordinate systems (Yxy and L*a*b*) differ in the

colour space, symmetry and points used to define colour and there are issues with

respect to correlations between colour differences as perceived by the human eye

(Abbott, 1999).

Analyses have shown both environment and season can affect quality characteristics and

thus QTLs detected for individual traits. Seasonal differences were apparent regarding

total sunshine hours, temperature and rainfall experienced in any given year, but it was

found that primarily colour and oBrix were affected (Figure 3.21 and 3.22). While the

field site produced brightly coloured fruit with high oBrix content during 2006, which

was a particularly good summer, this was not found in the following two seasons which

were not as favourable. The protected fruit, however, were not as adversely affected and

produced fruit which were comparable to a more favourable summer. Environment

contributed to quality parameters, in particular oBrix and ten berry weights, which were

found to increase consistently in polytunnel fruits. This is likely to be a result of the fruit

being protected from the unpredictable, maritime Scottish climate by being under

polytunnels allowing fruit to develop in a warmer environment with less external stress

during development and growth. Biochemical measurements were also found to be
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affected by environment with total phenols, anthocyanins and pH measurements found

to decrease in fruit grown under the commercial tunnel in Blairgowrie compared with

the field and protected sites at the SCRI. Although genetically regulated, significant

environmental effects were found for secondary metabolites between locations. This was

most likely related to light, which has been reported previously in relation to

anthocyanin synthesis with greater light exposure yielding higher anthocyanin content

(Ju et al., 1995a). Soil conditions have also been found to influence plant phenol

composition with a deficit in soil moisture resulting in reduced phenylalanine ammonia

lyase (PAL) activity and hence lower phenolic content (Anttonen and Karjalainen,

2005). Several studies suggest the genotype of plants may be a greater influence on the

phenolic variation of fruits with seasonal effects playing a secondary role (Howard et al.,

2003; Anttonen and Karjalainen, 2005). In this study, however, with analyses performed

over one year only, it was found that both genotype and site played an important role in

the total phenolic variation detected.

Phenolic compounds, central to fruit colouration, have been credited with several

defence functions in plants, including protection from harmful UV rays and both

herbivory and mechanical wounding, with environmental factors such as light,

temperature and humidity contributing to effective synthesis. Internal factors such as

genetic differences, nutrients and hormones will also affect phenolic biosynthesis

(Kähkönen et al., 2001). Studies of the phenolic content found in two cultivars of tomato

grown under polytunnels that either transmitted ambient solar UV radiation from 290 to

400 nm (designated +UV) or blocked UV below 380 nm (-UV) demonstrated that those

receiving the UV wavelengths contained 20% more phenolic compounds (Luthria et al.,

2006), while other important antioxidant components, quality and flavour may also be

affected. This will be influenced not only by the choice of polytunnel material but also

tunnel agronomic environment and therefore warrants further investigation.

Quality parameters are the result of multiple complex biochemical pathways which

interact at various levels and are influenced to a greater or lesser extent by
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environmental conditions. Understanding key steps in, and the regulation of, pathways

involved in the development of quality traits facilitates targeted breeding strategies.  The

successful mapping of candidate genes which are known to influence biochemical

pathways can provide steps for identifying genes responsible for pathway-related natural

variation (De Jong et al., 2004).

Genes mapped in this study (Chapter 4) include those encoding transporter genes:

membrane intrinsic proteins (MIP 2 and MIP 3) and tonoplast intrinsic protein (TIP) on

LG 2; flavonoid synthetic enzymes; anthocyanin reductase (ANR) on LG 2; flavonol

synthase (FLS), glutathione S-transferase (GST) and dihydroflavonol 4-reductase (DFR)

on LG 4, and flavonoid 3’-hydroxylase (F3’H) on LG 5. Other genes mapped include

those encoding expansin (EXP) on LG 7 and galactose dehydrogenase (Gal-dh) on LG

4. Etienne et al. (2002) found that transporters TIP, MIP 2 and MIP 3 clustered together

on LG 6 of the peach Ferjalou  Jalousia × Fantasia linkage map showing close

association between MIP 2 and QTLs for fresh weight and total soluble solids. A

similiar association was also found in raspberry on LG 2 with additional QTL regions

for total anthocyanins and fruit colour. Aquaporins, such as MIPs and TIPs, transport

water and small molecules across cellular membranes with an impact on quality traits,

especially fruit colour (Maeshima and Ishikawa, 2008).

As discussed in Chapter 3, the most significant statistical correlations detected between

traits were for berry colour (instrumental and visual) and total anthocyanin content

which detected several overlapping QTL regions. oBrix was found to correlate with total

and individual sugar content but not with ten berry weights, although again overlapping

QTLs were detected. This was in line with reports by Tanksley et al. (1996); Bernacchi

et al. (1998); Chen et al. (1999); Fridman et al. (2002) and Saliba-Colombani et al.

(2001), all finding correlations between oBrix and ten berry weights. It is unsurprising

therefore to find underlying QTL regions which are shared by these phenotypic traits.

pH showed separate QTL regions for each of the three environments, with SCRI field
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and Blairgowrie, commercial fruit displaying regions on LG 1 while that of SCRI

polytunnel was linked to LG 7 (Figures 6.1a; 6.1b).

In Chapter 5, a total of 75 putative QTLs were located across the raspberry genome for

all traits across different environments and seasons, the majority of which were

subsequently linked to underlying candidate genes or markers. The large number of

QTLs detected for some traits (22 for colour meter analysis) was further evidence

towards phenotypes caused by the cumulative influence of numerous QTLs of small

effect and not by a few of large effect, a finding which has been reported in other QTL

studies analysing fruit and flower characteristics (Saliba-Colombani et al., 2001; Causse

et al., 2002; Yates et al., 2004 and Buckler et al., 2009). Overlapping QTL regions for

environments and seasons are thought indicative of a stable genetic architecture for

several of the traits analysed (Buckler et al., 2009).

Phenotypic variations (R2) explained by these QTLs ranged from 32% for total

anthocyanins to 8% for ten berry weight. Eight QTLs showed an R2 of <10%, 55

between 10% and 20%, 9 had an R2 of 20 to 30% and 3 QTLs had an R2 >30%. Several

clusters of QTLs, for colour and total anthocyanins and for oBrix and ten berry weights,

were determined on chromosomes 2, 3 and 5. Such clusters may be indicative of a

fortuitous linkage or due to the segregation of a unique QTL which may control two

traits as a result of a causal relationship between traits or related metabolisms. These co-

located areas can be compared with the original correlations identified in Chapter 3 as

two related traits would be expected to share common QTLs. Following QTL mapping

of traits it could be seen that all of the candidate genes were associated with QTL

regions. The transporter genes (LG 2) were linked to fruit colour, oBrix, total

anthocyanin and ten berry weight, but expansin (LG 7) was associated with pH for the

SCRI protected site only. The most interesting association however was on LG 4 which

showed three key candidate genes involved in anthocyanin biosynthesis, flavonol

synthase, glutathione S-transferase and dihydroflavonol 4-reductase on the same region

as colour and total anthocyanin content.
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Figure 6.1a. Linkage groups displaying quantitative trait loci for raspberry traits. Linkage groups 1, 2
and 3 of the ‘Glen Moy’ × ‘Latham’ population showing the QTL clusters obtained for the phenotypic
traits relating to fruit quality. QTL can be interpreted as per Figure 5.1 and 5.2.
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Figure 6.1b. Linkage groups displaying quantitative trait loci for raspberry traits. Linkage groups 4, 5, 6
and 7 of the ‘Glen Moy’ × ‘Latham’ population showing the QTL clusters obtained for the phenotypic traits
relating to fruit quality. QTL can be interpreted as per Figure 5.1 and 5.2.
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In fruit cultivars genetically determined to produce red fruit, flavonoid synthesis is

directed towards anthocyanin formation, and less bound procyanidin is accumulated. If

internal tissue development favours synthesis of anthocyanins, such as during fruit

maturation, increased DFR activity will accelerate anthocyanin and bound procyanidin

formation (Figure 1.6). FLS gene product will utilise dihydroflavonols which are

available prior to the onset of DFR synthesis as this gene is not highly expressed until

late in flower development so under normal conditions these enzymes would not

compete for precursors (Ju et al., 1997).

In grape (Vitis), flavonol content normally increases during fruit ripening with a flavonol

synthase gene expressed during flowering and fruit ripening. However, if fruit were

shaded, the flavonol content of grape skin and the expression of the FLS gene and its

putative transcriptional regulator, MYB12, would be greatly reduced (Downey et al.,

2004; Matus et al., 2008). In Arabidopsis, Hartmann et al. (2005) demonstrated that four

genes in the flavonoid pathway, chalcone synthase (CHS), chalcone flavanone isomerase

(CFI), flavanoid 3-hydroxylase (F3’H) and flavonol synthase (FLS) were co-ordinately

expressed in response to light and contained light regulatory units (LRUs) in the

promoter regions. In flavonoid biosynthesis, FLS is a key enzyme regulating the balance

between anthocyanin and flavonol synthesis and mutant fls1 seedlings in Arabidopsis

show enhanced anthocyanin levels (Stracke et al., 2009). Based on structural analysis of

grape DFR, it has been suggested that flavonols could act as inhibitors of DFR activity

on dihydroflavonols (Trabelsi et al., 2008) promoting this balance between anthocyanin

and flavonol compounds.

Examination of candidate genes is one strategy for validating QTLs and this study has

identified ten candidate genes which are significantly associated with trait variation in

raspberry fruit. From a total of 75 QTLs mapped in this study, eight were located on LG

1, five of which were for ten berry weight alone. On LG 1 three transcription factors

(which control gene expression) have previously been identified which show significant

associations: bHLH (RibHLH, 107.5 cM), NAM/NAC (RUB119a, 109.4 cM) and a
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WD40 (Ri25D10SSR04, 0.0 cM) (Kassim et al., 2009; Woodhead et al., unpublished)

particularly in the production of individual anthocyanin pigments. In raspberry, the

bHLH gene (RibHLH) was found to show similarity with MdbHLH33 from apple with

close association with anthocyanin production on LG 1 (Kassim et al., 2009). While

Kassim et al. (2009) found bHLH underlying QTLs for eight individual anthocyanin

pigments analysed, this was not found for total anthocyanin content. Instead only ten

berry weight measurements were found associated with both bHLH and NAM/NAC.

Genes with the NAC domain (NAC family genes) are plant-specific transcriptional

regulators which are expressed in various tissues and at various developmental stages

which include defence and abiotic stress, flowering and secondary cell wall biosynthesis

(reviewed by Jin and Martin, 1999). The strong association of this putative transcription

factor with production of individual cyanidin and pelargonidin pigments is interesting

and therefore warrants further investigation (Kassim et al., 2009).

On LG 2, 16 specific QTL regions were detected for traits including colour and total

anthocyanins. A range of transporters have also been identified with highly significant

association with trait variation, particularly colour and total anthocyanin content.

On LG 3, a number of QTLs (22 in total) and genes involved in anthocyanin and

flavonol biosynthesis as well as MYB genes involved in transcriptional control have

been identified from this study and others (Graham et al., 2009). MYB genes are known

to control phenylpropanoid metabolism including anthocyanin accumulation in fruit but

also have important roles in many other aspects of plant development including trichome

development, signal transduction, disease resistance and cell division (Mounet et al.,

2009). Several MYB genes that generally interact closely with basic helix-loop-helix

(bHLH) proteins have been placed on the Rubus linkage map (Graham et al., 2009) and

underlie total anthocyanin and phenol QTLs in this present study.

Seven QTLs were detected on LG 4 for colour, total anthocyanins and ten berry weights.

A number of genes in the acid, anthocyanin and flavonol pathways have been identified
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on LG 4 as well as a gene involved in flavonoid transportation. A bZIP transcription

factor (FruitE4, 110.2 cM) was also identified. These transcription factors are expressed

constitutively or tissue specifically and regulate diverse processes such as

photomorphogenesis and light signalling stress and hormone signalling (Holm et al.,

2002).

In LG 5 there are 15 QTLs, (7 for ten berry weight and 6 for oBrix) and two interesting

genes: a MADS-box transcription factor and a gene involved in flavonol biosynthesis

(F3’H). MADS-box genes are known to regulate the transition from vegetative to

reproductive development as well as the specification of flower meristem and flower

organ identity (Giovannoni, 2001; 2004; Vrebalov et al., 2002). In addition, MADS-box

genes also regulate fruit, pollen, seed, embryo, leaf and root development (Vrebalov et

al., 2002).

On LG 6 four QTLs have been detected for instrumental colour measurements.

On LG 7 only three QTLs were detected with the expansin gene, mapped in this study,

weakly associated with pH for the SCRI protected site only and a pectate lyase and

polyketide synthase associated with oBrix and colour (unpublished data).

Although the potential to utilise molecular markers for the improvement of quality traits

and breeding strategies is by no means new research (Sax, 1923; Thoday, 1961), the

implementation in practice has been limited by a lack of knowledge regarding QTL

stability (Tanksley, 1983; Kenis et al., 2008). The potential benefits from QTL studies

have been tempered with the realisation that individual QTL experiments require

validation over a number of years, sites, generations or genetic backgrounds (Kenis

et al., 2008). The initiation of molecular assisted breeding (MAB) for monogenic traits,

however, has been readily implemented for a number of traits including red

pigmentation of apple skin associated with the dominant gene Rf (Wilcox and Angelo,

1936, cited in Janick, 1992), fruit acidity in apples related to the Ma gene (Nybom,
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1959, cited in Janick, 1992) and resistance to fungal infection from Cladosporium

fulvum in tomato through the Cf-9 gene (Hammond-Kosack and Jones, 1997). While a

number of studies have identified QTLs for fruit quality traits, including pH, fresh

weight and total soluble solids in peach (Dirlewanger et al., 1999), melon (Monforte et

al., 2004), tomato (Saliba-Colombani et al., 2001) and apple (Liebhard et al., 2003), it is

necessary to compare QTL positions within different populations, prior to the

development of practical breeding tools. While polymorphisms can be identified from

genetic markers, it may be necessary to identify marker associations with QTLs

experimentally in a new population (Knoll and Ejeta, 2008). Other factors which may

influence QTL association in a novel population include the interaction of other loci

which may mask QTL expression to varying degrees (Knoll and Ejeta, 2008).

Many of the QTLs identified in this study have been detected across a number of

environments and seasons with colour proving to be particularly robust over seasons on

LG 2 and across environments on LG 3 (Figure 6.1a; 6.1b). Total anthocyanins were

also found co-located on an area of LG 3 for all three sites with marker Rub2a1 (63.2

cM) significant for both total anthocyanin and fruit colour (Section 5.2.3.3).

Further validation was also carried out on a number of raspberries from a wider genetic

background which resulted in a range of polymorphisms being detected across samples

for each of the markers tested. In one experiment MYB (LG 3) was found to show

polymorphism in 8 out of 12 plants (Table 5.7). This study has highlighted the restricted

genetic diversity currently present within domesticated raspberries while paving the way

for the development of new genetic crosses derived from individuals found to be

polymorphic for the trait(s) of interest.

This study demonstrates the need for a multifaceted approach towards understanding and

identifying components underlying quality traits in red raspberry. While seasonal effects

were evident for many phenotypic traits, the potential to enhance quality by genotypic

selection was clear. However for the purpose of mapping quality traits for subsequent
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marker assisted breeding strategies in red raspberry, it was necessary to identify

polymorphisms within genes without speculating on potential effects on gene function.

Successful marker assisted breeding strategies require the identification of chromosomal

regions for each trait of interest. Having identified markers within or surrounding genes

of phenotypic interest, it has become possible to select marker variants (alleles) that

yield the favourable variation of the gene of interest. Superior alleles, which have been

identified among genomes within targeted genes, can then be used as DNA markers for

the development of efficient screening strategies. The data presented here has facilitated

the identification and mapping of candidate genes related to quality traits through the

development of a saturated robust genetic linkage map.

6.2   Future work

Future studies focused on the regulation and function of individual candidate genes

identified here could yield greater insights into factors underlying fruit quality

metabolites and interactions with the environment. As pathways and enzymes involved

in fruit quality become better understood the requirements for new technology follows.

Examples of molecular advances which can be utilised to follow from this project

include association mapping and metabolomic studies.

6.2.1   Association mapping

As molecular technology and genome programmes continue to advance, a wealth of

information is becoming available in the form of high throughput sequencing and

genotyping for the identification of thousands of polymorphisms (Varshney et al., 2009).

Loci involved in the inheritance of complex traits may be identified through association

mapping which allows gene localisation by linkage disequilibrium (LD) studies, without

the need for gene cloning (Morton, 2005). This involves markers identified with

significant allele-frequency differences between individuals displaying the phenotype of

interest and an unrelated control population. Once a statistical association has been made

between a genotype at a particular locus and a phenotype, this can often be considered as
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evidence of close physical linkage between a marker and a phenotype (Pritchard et al.,

2000). LD studies centre on the relationship between two alleles which are found to arise

more often than would be expected by chance in an individual or population. This

indicates that such alleles are physically located in close proximity to one another on the

chromosome and are thus separated infrequently due to recombination (Morton, 2005).

Such an approach can be applied to a range of accessions, which are not closely related,

to infer relationships between phenotypic variation and genetic polymorphisms within

any given population. Once LD maps have been constructed, these can be utilised

independently or in combination with linkage analysis studies allowing further

elucidation of plant genomes while facilitating marker-assisted screening and map-based

cloning of genes underlying complex traits (Gupta et al., 2005).

6.2.2   Metabolomics

Plant metabolites are products of multiple cellular regulatory processes and as such

levels can be regarded as the biological response influenced by genetic or environmental

change (Fiehn, 2002). Forward genetics involves the identification of natural (or indeed

laboratory induced) mutants or dichotomous accessions with phenotypes of interest,

such as sugar metabolism or pigment formation. Several ripening mutants (rin, Cnr, hp1

and hp2) with clear biological functions have been found to affect signal transduction

proteins, including transcription factors (such as MADS box genes) or proteins involved

in light signalling (Mounet et al., 2009). Such mutants can be studied to identify and

characterise individual phenotypes which represent nucleotide sequence changes within

genes of interest in independent biosynthetic pathways or complete developmental

processes (Fiehn, 2002; Mounet et al., 2009). In reverse genetics a cloned gene or

isolated protein is used to determine likely phenotypic effect on an individual (Fiehn,

2002). Studies using reverse genomic approaches have shown alterations in metabolism

or composition can affect fruit development. An alteration in ethylene-dependent signal

transduction, for example, has considerable effect on fruit ripening including on colour,

aroma and soluble solids content (Mounet et al., 2009). Such studies are imperative for

the functional elucidation of genes with various strategies for the systemic perturbation
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of gene expression now widely available. With large-scale sequencing and genotyping

projects generating tens of thousands of gene reads, the subsequent elucidation of gene

function becomes a priority. This allows correlation of genes with gene products that

serve towards a greater understanding of the chemical complexity of the metabolome

and ultimately, with increased biological knowledge, the potential for plant

improvement follows (Sumner et al., 2003).
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Appendix 2.1. Clustal results for expansin showing first six comparative results. The

underlined example shows peach expansin derived from Etienne et al. (2002) with

primer pairs highlighted in bold.

Expansin ClustalW

CLUSTAL W (1.83) multiple sequence alignment
AB047518        AGGGGTACGGGACAAATACTGCAGCACTGAGCACTGCTCTGTTCAACAATGGCTTGGGCT 284
AF297522        AGGGGTATGGGACAAATACTGCAGCACTGAGCACTGCTCTGTTCAACAATGGCTTGGGCT 300
AF448467        AGGGGTATGGGACAAATACTGCAGCACTGAGCACTGCTCTGTTCAACAATGGCTTGGGCT 286
AF367459        AGGGGTACGGGACAAATACTGCAGCACTGAGCACTGCTCTGTTCAACAATGGCTTGGGCT 112
DQ183068        AGGGGTATGGAACAAACACTGCTGCTCTGAGCACTGCTCTGTTCAACAATGGGTTGGGGT 242
AF226701        AGGGGTATGGAACAAACACCGCTGCGCTGAGCACTGCTCTGTTCAACAATGGGTTGGGGT 97
                ******* ** ***** ** ** ** ************************** ***** *
AB047518        GTGGTTCTTGCTATGAGATTAGGTGTGTAAGTGACCCCAAATGGTGCTTGCCTGGCGCCA 344
AF297522        GTGGTTCTTGCTATGAGATTAGGTGTGTAAATGACCCCAAATGGTGCTTGCCTGGTGCCA 360
AF448467        GTGGTTCTTGCTATGAGATTAGGTGTGTAAATGACCCCAAATGGTGCTTGCCTGGCGCCA 346
AF367459 GTGGTTCTTGCTATGAGATTAGGTGTGTAAGTGACCCCAAATGGTGCTTGCCTGGCGCCA 172
DQ183068        GTGGTTCTTGCTATGAAATTAGGTGTGTGAATGACCCAAAATGGTGCCTGCCTGGCTCCA 302
AF226701        GTGGTTCTTGCTATGAAATTAGGTGTGTGAATGACCCAAAATGGTGCCTGCCTGGCTCCA 157
                **************** *********** * ****** ********* *******  ***
AB047518        TTGTGGTCACAGCCACCAATTTCTGCCCACCAAACAATGCCCTTCCTAACAATGCTGGGG 404
AF297522        TTGTGGTCACAGCCACCAATTTCTGCCCACCAAACAATGCCCTTCCTAACAATGCTGGGG 420
AF448467        TTGTGGTCACAGCCACTAATTTCTGCCCACCAAACAATGCCCTTCCTAACAATGCTGGGG 406
AF367459        TTGTGGTCACAGCCACCAATTTCTGCCCACCAAACAATGCCCTTCCTAACAATGCTGGGG 232
DQ183068        TTGTGGTCACAGCCACTAATTTCTGCCCTCCAAACAATGCCCTCCCTAACAATGCTGGGG 362
AF226701        TTGTGGTCACAGCCACTAATTTCTGCCCTCCAAACAATGCCCTCCCTAACAATGCTGGGG 217
                **************** *********** ************** ****************
AB047518        GCTGGTGCAATCCTCCTCAGCACCACTTTGACCTCTCTCAGCCTGTCTTCCAGCACATTG 464
AF297522        GCTGGTGCAATCCTCCTCAGCACCACTTTGACCTCTCTCAGCCTGTCTTCCAGCACATTG 480
AF448467        GCTGGTGCAATCCTCCTCAGCACCACTTTGACCTCTCTCAGCCTGTCTTCCAGCACATTG 466
AF367459    GCTGGTGCAATCCTCCTCAGCACCACTTTGACCTCTCTCAGCCTGTCTTCCAGCACATTG 292
DQ183068        GATGGTGCAACCCTCCCCAGCACCACTTTGACCTCTCTCAGCCTGTATTCCAGCACATTG 422
AF226701        GATGGTGCAACCCTCCCCAGCACCACTTTGACCTCTCTCAGCCTGTATTCCAGCACATTG 277
                * ******** ***** ***************************** *************
AB047518        CTCAGTACAAAGCTGGTGTTGTGCCTGTTGCTTACAGAAGGGTACCTTGCAGGAGAAGGG 524
AF297522        CTCAGTACAAAGCTGGTGTTGTGCCTGTTGCTTACAGAAGGGTACCTTGCAGGAGGAGGG 540
AF448467        CTCAGTACAAAGCTGGTGTTGTGCCTGTTGCTTACAGAAGGGTACCTTGCAGGAGAAGGG 526
AF367459        CTCAGTACAAAGCTGGTGTTGTGCCTGTTGCTTACAGAAGGGTACCTTGCAGGAGAAGGG 352
DQ183068        CTCAATACAAAGCTGGAGTTGTCCCTGTTTCTTACAGAAGGGTACCCTGCAGAAGAAGGG 482
AF226701        CTCAATACAAAGCTGGAGTTGTCCCTGTTTCTTACAGAAGGGTACCCTGCAGAAGAAGGG 337
                **** *********** ***** ****** **************** ***** ** ****
AB047518        GAGGTATCAGATTCACCATCAATGGGCACTCCTACTTCAACCTGGTCCTCATCACAAACG 584
AF297522        GAGGTATCAGATTCACCATCAATGGGCACTCCTACTTCAACCTGGTCCTCATCACAAACG 600
AF448467        GAGGTATCAGATTCACCATCAATGGGCACTCCTACTTCAACCTGGTTCTCATCACAAACG 586
AF367459        GAGGTATCAGATTCACCATCAATGGGCACTCCTACTTCAACCTGGTCCTCATCACAAACG 412
DQ183068        GAGGCATCAGATTCACCGTCAACGGACACTCCTACTTCAACCTGGTTTTAATCACAAACG 542
AF226701        GAGGCATCAGATTCACCATCAATGGACACTCCTACTTCAACCTGGTTTTGATCACAAACG 397
                **** ************ **** ** ********************  * **********
AB047518        TTGGTGGTGCCGGTGATGTGCACTCTGTTTCAGTCAAAGGGTCCAGGACTGGTTGGCAAG 644
AF297522        TTGGTGGTGCCGGTGATGTGCACTCTGTTTCAGTCAAAGGGTCCAGGACTGGTTGGCAAG 660
AF448467        TTGGTGGTGCCGGTGATGTGCACTCTGTTTCAGTCAAAGGGTCCAGGACTGGTTGGCAAG 646
AF367459        TTGGTGGTGCCGGTGATGTGCACTCTGTTTCAGTCAAAGGGTCCAGGACTGGTTGGCAAG 472
DQ183068        TTGGTGGTGCTGGTGATGTGCACTCTGTTTCAGTCAAAGGGTCCAAAACCGGTTGGCAAG 602
AF226701        TTGGTGGTGCTGGTGATGTGCACTCTGTTTCAGTCAAAGGGTCCAAAACCGGTTGGCAAG 457
                ********** **********************************  ** **********
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Appendix 2.2. Redesigned primers ordered using Operon degenerative bases.

Candidate
gene

Primer 3 sequence Primer sequence with
degenerative bases

AtpvA1Lg_For ATGCTTCAGACTTGGCCTGTA ATGCTTCARRCHTGGCCYGTA

AtpvA1Lg_Rev CGCATCATCCAAACAGACTTGTA CGCATCATCCARACRGACTTGTA

MIP 3 For ATGATCTTTGTCCTTGTTTACTGCA ATGATCTTYRTBCTTGTYTACTGCA

MIP 3 rev TCCCAGCCTTGTCATTGTT TCCCADGCYTTSTSWTBTT

Icdh1_for ATGGACGGAGATGAAATGAC ATGGAYGGRGATGAAATGAC

Icdh1_rev GCCACAGCTTCAATGAACTCTTC GCCACRGCWTCAATRAAYTCYTC

VP1_for GCTGCTGATGTTGGTGCTGA GCTGCTGATGTTGGKGCWGA

VP_1 rev ATGTTGAGTGATGGGCCTGAGGTG ATGTTGAGHGAYGGSCCWGARGTG

Mdh1F CCTCTTCTTAAAGGTGTTGTTGCTA CCHCTTCTTAARGGTGTTGTTGCTA

Mdh1R AGCCCTTGAACAATCTTCCACT AGHYCTTGAACWATBKWCCAYT

CS1F CCTATTACAGCACATCCAATGA CCTRTHWCDGCWCATCCRATGA

CS1R CAAGAGCCCGGTCCCATA CAAGAGCYCKRTCCCATA

Ai1F GATCCCCTCCTCCTCCATT GATCCMYTMYTMYTBSTT

Ai1R ATTCCCACATGCCCGTACC AYTCCCACATDCCMGTACC

EXPF AATGGCTTGGGCTGTGGTT AATGGSTTGGGSTGTGGTT
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EXPR TGGACCCTTTGACTGAAACAGA TGGACCCTTTGACTGAAACAGA

Suc Synth F ACTGGTGGCCAGGTTGTTTA ACYGGTGGCCAGRTKGTKTA

Suc Synth R CAGCTGTAAATTGGGATGAGA TCAGCWGTRAAYTGGSAGAGA

HK Combo F GGCAGCAAGCTCAAGATG GGCAGCAAGCTCAAGATG

HK Combo F GATAACCATCTCTCCTGATTTAGGT GATRACCATYTCTCCWGATTTAGG

Fw 2.2 F TGAGTACACGGTGGAAAAGAGAAC TGAGTACACGGTGGAAAAGARAAC

Fw 2.2 R AACTTTATTTTAGAAAACGAAGCA AACTTTATTTTAGAAAACGAAGCA
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Appendix 2.3a. Primer sequences used for PCR amplification of allele diversity

germplasm.

Gene Forward Primer Reverse Primer

TIP AACCGGTGGATTGGTAAG GAAGGAGACTGCTGGGTTCA

MIP 2 CTCGCAAGGTTTCACTGCCGAGGGCA ACTTCTAGCAGGGTTGATACCAGTTCC

MIP 3 ATGATCTTYRTBCTTGTYTACTGCAC TCCCADGCYTTSTSWTBGTT

EXP AATGGSTTGGGSTGTGGTT TGGACCCTTTGACTGAAACAGA

Gal-dh GAGGGACATTGTCGGAGAAA ACCTCTCCAGGCTCTCATCA

FLS AGGTGAACAGGTGGAGTTGG TGAAGACCATCATCGAAT GC

DFR ATGCGAAACAACTTGCATTT GCTACGATTCACGACATTGC

GST CTATGCTTGGCTTGGTCACA TTTTGCCCCTTAAAATGCAG

F3’H TGATGAAGCTTTATAAGCATGTGAGG GGGTCCACTCTCTTGGTGAA

ANR ACTAGCTGAGAAGACAGCTTGGAA TCTCCAAACTCAGTGGGGACTT

bHLH (6-Fam)AAAGTGCCTTCTGCTGCATT CCGTTTGCTAATGCTCTTCC

Myb (6-Fam)CCCAATTGTCAGTAC GTTGG ATTCTTGATTTCATTGTCTGTTCG

118b (5-Hex)CCGCAAAACAAAAGGTCAAG GGATTCTTGCCAAAGTCGAA
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Appendix 2.3b. Primer sequences for Pyrosequence® analysis

Gene Forward Primer Reverse Primer Sequencing Primer

TIP TAGCTGCTTTCTCCC
TGTCAACC

ATGTTTCCGGCGGACC
TC

GGTGTTAGTGTATGGA
ACG

Mip 2 GAGCAAATGAGTTGGC
AGATGG

ATCTCAGCCGCCAAT
CCAG

TGAGTTGGCAGATGG

Exp 4 GCCATTGATGGTGAAT
CTGAT

CACTGATTTTTTGTGG
GTCTTCTT

CCTTCTGCTACAGGGT

Gal-dh TGCCGAGAGAGTGACT
AAGAGCAT

CATGGCATTGCAATAT
ATCAACG

AATCTAGCTGCAACCT
TT

FLS GGTCTTGAGCAACGGC
AAGT

TTTGCGGTATCGGTAT
TCAGCAT

GTGGCGGCGCAATGA

ANR TTGCACCTTCTGATTTC
TTACCT

CCAGATATCCCCAGCA
GTATTG

CAGTATTGGCCTCGC

DFR AAACTCAAACCCAGTC
TCCAACAA

GAATTGGTGTACGTGT
GTACAGGT

CCTTTGTCAAGTTCTCC
TC

F3’H TCAGTCGTGAGCCCA
TCAG

TGAGCTTGGGCTTGCG
TA T

AGTCGTGAGCCCATC
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Appendix 3.1a. Phenotypic measurements for mapping population plus parents

Season Samples oBrix
Ten berry

weight
Y x y ∆E

Mean±SEM 7.6±0.05 20.3±0.21 15.0±0.1 0.374±0.001 0.318±0.000 52.3±0.1
Field 2006 Progeny

Min-Max 3.2-12.2 8.7-37.0 12.5-18.0 0.349-0.393 0.315-0.325 49.3-54.7

Mean±SEM 6.1±0.1 18.6±0.3 14.3±0.1 0.379±0.001 0.321±0.000 53.7±0.1
Field 2007 Progeny

Min-Max 3.5-9.3 10.6-34.5 11.6-18.7 0.361-0.404 0.317-0.327 50.8-57.4

Mean±SEM 7.5±0.1 34.7±0.8 14.2±0.1 0.383±0.001 0322±0.000 54.0±0.2Polytunnel

2007
Progeny

Min-Max 3.8-11.9 15.0-75.3 10.7-20.6 0.356-0.424 0.317-0.329 48.0-61.1

Mean±SEM 7.9±0.1 29.3±0.8 14.3±0.1 0.377±0.001 0.321±0.000 53.5±0.1Commercial

2007
Progeny

Min-Max 5.4-10.8 11.0-55.1 12.1-17.9 0.356-0.395 0.317-0.329 49.7-55.6

Mean±SEM 6.4±0.1 21.4±0.4 15.8±0.1 0.383±0.001 0.319±0.000 52.5±0.1
Field 2008 Progeny

Min-Max 4.0-9.7 6.9-48.1 12.9-21.7 0.364-0.410 0.315-0.326 47.5-57.5

Mean±SEM 7.7±0.1 35.6±0.7 15.8±0.1 0.384±0.001 0.320±0.000 52.7±0.1Polytunnel

2008
Progeny

Min-Max 3.3-11.0 16.4-71.8 11.6-19.1 0.366-0.415 0.316-0.326 19.5-60.0

Mean±SEM 8.4±0.1 31.1±0.7 16.0±0.1 0.389±0.001 0.321±0.000 52.6±0.2Commercial

2008
Progeny

Min-Max 5.6-11.0 17.4-53.9 13.4-19.2 0.371-0.401 0.315-0.326 41.3-56.9

     271



272

Season Parents oBrix
Ten berry

weight
Y x y ∆E

G. Moy Mean±SEM 8.2 23.0 14.9 0.370 0.318 51.7
Field 2006

Latham Min-Max 7.4 13.8 13.1 0.376 0.318 54.8

G. Moy Mean±SEM 8.2 34.3 15.9 0.385 0.321 52.3
Field 2007

Latham Min-Max * * * * * *

G. Moy Mean±SEM 7.0 48.5 16.0 0.378 0.322 51.5Polytunnel

2007 Latham Min-Max 5.2 28.7 15.0 0.386 0.322 53.3

G. Moy Mean±SEM 7.4 31.6 15.7 0.390 0.323 52.9Commercial

2007 Latham Min-Max * * * * * *

G. Moy Mean±SEM 9.1 31.5 16.8 0.381 0.320 51.1
Field 2008

Latham Min-Max * * * * * *

G. Moy Mean±SEM 6.4 46.6 17.4 0.389 0.319 51.8Polytunnel

2008 Latham Min-Max 8.8 27.9 14.7 0.380 0.318 53.6

G. Moy Mean±SEM * * * * * *Commercial

2008 Latham Min-Max 9.1 38.8 15.0 0.382 0.319 53.3

      272
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Appendix 3.1b. Biochemical measurements for mapping population plus parents

Season Parent
Total

phenolics

Total

anthocyanins
pH

G. Moy Mean±SEM 144.7 58.6 3.41
Field 2008

Latham Min-Max * * *

G. Moy Mean±SEM 121.2 75.4 3.27
Polytunnel 2008

Latham Min-Max 123.6 121.6 3.18

G. Moy Mean±SEM * * *Commercial

2008 Latham Min-Max 43.8 100.9 3.16

Season Samples
Total

phenolics

Total

anthocyanins
pH

Mean±SEM 158.3±4.5 71.2±2.4 3.42±0.01
Field 2008 Progeny

Min-Max 67.3-375.0 14.6-142.1 3.13-3.85

Mean±SEM 136.2±3.8 82.1±2.7 3.31±0.01Polytunnel

2008
Progeny

Min-Max 62.5-314.1 27.4-177.7 2.98-3.95

Mean±SEM 80.1±2.9 63.4±2.1 3.28±0.01Commercial

2008
Progeny

Min-Max 28.2-157.3 24.2-120.4 3.06-3.60
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I.) In preparation

Genetic and environmental effects influencing fruit colour.

Susan McCallum1, Mary Woodhead1, Christine A. Hackett2, Angzzas Kassim3, Alistair
Paterson3 and Julie Graham1

1Genome Dynamics Programme, SCRI, Invergowrie,Dundee DD2 5DA, UK
2Biomathematics and Statistics Scotland, SCRI, Invergowrie, Dundee DD2 5DA, UK
3 Centre for Food Quality, University of Strathclyde, George Street, Glasgow G1 1XW

Abstract

Raspberry (Rubus idaeus) fruit colour was assessed in the ‘Latham’ × ‘Glen Moy’
mapping population using a colour meter and visual scores over three seasons and three
environments. The colour measurements were found to be significantly associated with
pigment content, have high heritability, and stable QTL were identified across
environments and seasons. Anthocyanin content has previously been shown to be the
major contributor to fruit colour in red raspberry.  Major structural genes (F3’H, FLS,
DFR, IFR, OMT, GST) and transcription factors (bZIP, bHLH, MYB) influencing
flavonoid biosynthesis have been identified, mapped and shown to underlie QTL for
quantitative and qualitative anthocyanin composition. Favourable alleles for selected
traits were identified for aspects of fruit colour and partitioning of individual pigments.
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II.) Research Article
Molecular Nutrition and Research

Environmental and seasonal influences on red raspberry anthocyanin antioxidant
contents and identification of QTL

Angzzas Kassim, Julie Poette, Alistair Paterson, Dzeti Zait, Susan McCallum, Mary
Woodhead, Kay Smith, Christine Hackett and Julie Graham

Abstract
Consumption of raspberries promotes human health through the intake of
pharmaceutically-active antioxidants, including cyanidin and pelargonidin anthocyanins.
These are products of flavonoid metabolism and also pigments that confer colour to
fruit. Breeders may wish to influence fruit anthocyanin content for nutritional health and
quality benefits through modern breeding utilising DNA polymorphisms: marker
assisted breeding (MAB). High performance liquid chromatography (HPLC) quantified
eight anthocyanins cyanidin and pelargonidin glycosides: -3-sophoroside, -3-glucoside, -
3- rutinoside and -3-glucosylrutinoside across two seasons and two environments in
progeny from a cross between two Rubus subspecies, Rubus idaeus (cv. Glen Moy) x
Rubus strigosus (cv. Latham). Significant seasonal variation was detected across the
pigments but less so for the different growing environments within a season. The eight
antioxidants mapped to the same chromosome region on linkage group (LG) 1, across
both years and from fruits grown in the field and under protected cultivation. Seven
antioxidants also mapped to a region on LG 4 across years and for both field and
protected sites. A chalcone synthase (PKS 1) gene sequence mapped to LG 7 but did not
underlie the anthocyanin QTLs identified. However other candidate genes including
bHLH, NAM/CUC2 like protein and bZIP transcription factor underlying the mapped
anthocyanins were identified.
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III.) Research Article
Theoretical and Applied Genetics

Mapping QTLs for developmental traits in raspberry from bud break to ripe fruit

Julie Graham, Christine A. Hackett, Kay Smith, Mary Woodhead, Ingo Hein and Susan
McCallum

Abstract
Protected cropping systems have been adopted by the UK industry to improve fruit
quality and extend the current season. Further manipulation of season, alongside
consideration of climate change scenarios, requires an understanding of the processes
controlling fruit ripening. Ripening stages were scored from May to July across different
years and environments from a raspberry mapping population. Here the interest was in
identifying QTLs for the overall ripening process as well as for the time to reach each
stage, and principal coordinate analysis was used to summarise the ripening process.
Linear interpolation was also used to estimate the time (in days) taken for each plot to
reach each of the stages assessed. QTLs were identified across four chromosomes for
ripening and the time to reach each stage. A MADS-box gene, Gene H and several
raspberry ESTs were associated with the QTLs and markers associated with plant height
have also been identified, paving the way for marker assisted selection in Rubus idaeus.
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IV.) Research Article
Molecular Breeding

Identification, characterisation and mapping of simple sequence repeat (SSR)
markers from raspberry root and bud ESTs

M. Woodhead, S. McCallum, K. Smith, L. Cardle, L. Mazzitelli and J. Graham

Abstract
Raspberry breeding is a long, slow process in this highly heterozygous out-breeder.
Selections for complex traits like fruit quality are broad-based and few simple
methodologies and resources are available for glasshouse and field screening for key
pest and disease resistances. Additionally, the timescale for selection of favourable
agronomic traits requires data from different seasons and environmental locations before
any breeder selection can proceed to finished cultivar. Genetic linkage mapping offers
the possibility of a more knowledge-based approach to breeding through linking
favourable traits to markers and candidate genes on genetic linkage maps. To further
increase the usefulness of existing maps, a set of 25 polymorphic SSRs derived from
expressed sequences (EST-SSRs) have been developed in red raspberry (Rubus idaeus).
Two different types of expressed sequences were targeted. One type was derived from a
root cDNA library as a first step in assessing sequences which may be involved in root
vigour and root rot disease resistance and the second type were ESTs from a gene
discovery project examining bud dormancy release and seasonality. The SSRs detect
between 2 and 4 alleles per locus and were assigned to linkage groups on the existing
‘Glen Moy’ × ‘Latham’ map following genotyping of 188 progeny and examined for
association with previously mapped QTL. The loci were also tested on a diverse range of
Rubus species to determine transferability and usefulness for germplasm diversity
studies and the introgression of favourable alleles.
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V.) Plant and Animal Genomes XVI Conference
January 12-16th 2008
Town and Country Convention Centre
San Diego, California

Progress in marker assisted breeding in red raspberry for flavour character.

Dzeti Zait1, Angzzas Kassim1, Julie Graham2, Susan McCallum2 and Alistair Paterson1

1 SIPBS Royal College, University of Strathclyde, Glasgow G1 1XW, Scotland, U.K.
2  SCRI Genetics and Breeding Group, Invergowrie, Dundee, DD2 5DA, Scotland, U.K.

Abstract:
Red raspberry (R. idaeus) is a profitable temperate soft-fruit crop (1). Increased
consumption would benefit consumer health (2). However current retail purchase may
be prejudiced by inconsistent quality. Consumers assess berries visually at purchase and
subsequently on flavour character, and together these determine repeat purchase.
Identification of quantitative trait loci (QTLs) associated with development of berry
sweetness and flavour intensity would yield markers for favourable alleles and a tool kit
for marker assisted breeding. An early fruiting Glen Moy was crossed with late
cropping, North American Latham and progeny canes were established on an open field
and two locations of covered sites. Trained assessors scored berries for sweetness,
sourness and flavour intensity; sugars and organic acid contents were quantified by
HPLC. QTL were mapped on to a revised genetic linkage map for red raspberry (3).
Appearance was studied by quantifying pigment anthocyanins, instrumental
measurement and visual colour scoring and 10-berry weight. Preliminary data showed
correlation between 3 raspberry flavour attributes was preserved over two seasons,
indicating genetic control is greater than environmental influence on flavour
development. Single nucleotide polymorphisms (SNPs) differentiating parental genomes
were identified through PCR of candidate genes with primers designed on the basis of
sequence data from other Rosaceae members.

(1) http://faostat.fao.org/
(2) Ross et al. (2007). Antiproliferative activity is predominantly associated with

ellagitannins in raspberry extracts. Phytochemistry. 68: 218-228
(3) Graham et al. (2004). Construction of a genetic linkage map of red raspberry

(Rubus idaeus subsp. idaeus) based on AFLPs, genomic-SSR and EST-SSR
markers. Theoretical and Applied Gentics. 109: 740-749

http://faostat.fao.org/
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VI.) 12th Weurman Symposium
July 1-4th 2008
Interlaken, Switzerland

Genomic studies in raspberry  flavour: Volatiles and QTL in progeny of a cross
between Scottish and American parents.

Angzzas Kassim1, Dzeti Zait1, Magali Vandroux1, Susan McCallum2, Julie Graham2,
Christine Hackett2, Alistair Paterson1

1 Centre for Food Quality, SIPBS Royal College, University of Strathclyde, 204 George
Street Glasgow G1 1XW, Scotland, U.K.
2  Genetics of Soft Fruit, Scottish Crops Research Institute, Invergowrie, Dundee, DD2
5DA, Scotland, U.K.

Abstract:
The red raspberry, a diploid member of the rose family, has a small genome and seven well-
established genetic linkage groups correlated with chromosomes. It forms an ideal model
system for studying genetic factors encoding fruit character and quality. This perennial fruit
crop, which has relatively long periods of juvenility, yields berries that consist of multiple
drupelets filled with mono- and disaccharides, organic acids, anthocyanin pigments and
flavour volatiles. All metabolites contribute to character but gross traits such as berry size
and appearance are also important for fruit quality. Intensities of character attributes are
inherited on the basis of genotype with seasonal and environmental influences. However it is
difficult to identify genes influencing such quantitative traits in breeding lines because
individual effects are obscured by segregation of other genes and non-genetic effects. Genes
can be identified, if linked to physical genetic markers, as quantitative trait loci (QTL). A
cross was effected between two raspberries differing in a range of phenotypes: the recent
European cultivar Glen Moy and older North American Latham.  Key metabolites for traits
of sweetness and sourness and flavour were quantified in fruit from >150 replicate progeny
grown in three different environments: two (exposed and tunnel) at one site, the third
(tunnel) at a second remote site. Traits were analysed for significant linkages to mapped
markers using specialised software (MapQTL). Metabolites from polyketide synthase,
carotenoid cleavage and other volatiles pathways were quantified and linkage to segregating
chromosomal DNA markers sought. Similar approaches were adopted for sugars (glucose
and fructose) and organic (citric and malic) acids that influence taste. The key strategy is
identification of single nucleotide polymorphisms (SNPs) in parental genomes from DNA
sequencing studies and establishment of linkage to phenotypes. One component is
identification of candidate genes from related peach, and model plants grape vine and
Arabidopsis such as carotenoid dioxygenase and HMG-CoA reductase. An aim of research
is to facilitate marker-assisted approaches in which fruit breeders can rapidly screen large
numbers of seedling progeny for DNA markers linked to flavour interesting traits. A second
is basic understanding of how fruit quality is determined by genetic and environmental
factors.
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