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5. ABSTRACT 

Climate change is causing droughts, which are affecting crop production globally, and 

disrupting plant metabolism. Due to the unpredictable natural droughts that occur, causing tea 

farmers significant losses in tea estates, a Short-time Withering Assessment of Probability for 

Drought Tolerance (SWAPDT) method for distinguishing between drought tolerant (DT) and 

drought susceptible (DS) Camellia sinensis cultivars was developed based on cultivars from 

the Tea Research Foundation for Central Africa in Malawi, and validated on 400 samples 

from the Tea Research Institute in Kenya. From the results, a sample size of 20 tea trees was 

deemed sufficient to accurately determine the drought susceptibility of a large tea field of 

approximately 5 - 20 hectares, containing 50 000 - 200 000 tea trees, were the difference 

between their mean values is approximately 6%. Tea production and subsequently its quality 

rely on evenly distributed rainfall. Tea consumers concern themselves with the quality of tea, 

in particular its flavour and aroma. To breed for these phenotypic traits is challenging due to 

these being qualitative traits inherited from parents, and influenced by environment. Two C. 

sinensis populations, 60 Commercial cultivars and 250 NonCommercial cultivars (TRFK St. 

504 and TRFK St. 524) were employed in a part of this study to identify the Quantitative 

Trait Loci (QTL) responsible for yield, drought tolerance and quality centred on a genetic 

map constructed using the DArTseq platform. The map comprised 15 linkage groups 

analogous to chromosome haploid number of tea plant (2n = 2x = 30) and spanned 1260.1 

cM with a mean interval of 1.1 cM between markers. Sixteen phenotypic traits were 

evaluated in both populations, and three, 11 and 46 putative QTLs were discovered after 

mapping on the 15 linkage groups, associated with tea quality from Gas Chromatography-

Mass Spectrometry (GC-MS), Nuclear Magnetic Resonance (1H-NMR) and Ultra-

Performance Liquid Chromatography (UPLC) data respectively. The variance explained by 

the QTLs varied from 4.6 to 96.3%, with an average of 28%. Using the KEGG database, the 

putative QTLs linked to yield, drought tolerance and quality were secondary metabolites 

associated with tea phenolic biomolecules and abiotic stress. Principal Component Analysis 

was performed on the GC-MS, 1H-NMR and UPLC data, and from these, the UPLC data 

showed clearer separation and clustering between the Commercial and NonCommercial 

cultivars. With focus on the UPLC data, it was narrowed down to the five catechins, four 

theaflavins and caffeine; these were used to develop several logistic regression models. The 

model based on only the fresh leaf catechins classified over 90% of the 310 genotypes as 

either Commercial or NonCommercial cultivars. This model may be useful in predicting the 
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suitability for commercialization of promising selections from mature seedling fields, based 

on the analysis of their dried green leaves. Last, 20 Commercial and 20 NonCommercial 

cultivars were analysed using UPLC-MS. New metabolites were identified as contributing to 

drought tolerance, yield and higher quality of the Commercial as compared to the 

NonCommercial cultivars. 

 

 

  



vii 

 

6. TABLE OF CONTENTS  

SUBMISSION DECLARATION ........................................................................................... i 

PLAGIARISM DECLARATION .......................................................................................... ii  

ACKNOWLEDGEMENTS.................................................................................................. iii  

DEDICATION ..................................................................................................................... iv 

ABSTRACT ......................................................................................................................... v 

TABLE OF CONTENTS .................................................................................................... vii  

LIST OF FIGURES ............................................................................................................ xii  

LIST OF TABLES ............................................................................................................. xvi 

LIST OF APPENDICES ................................................................................................... xvii  

LIST OF ABBREVIATIONS........................................................................................... xviii  

CHAPTER 1 ......................................................................................................................... 1 

LITERATURE REVIEW ................................................................................................... 1 

1.1 Camellia sinensis ..................................................................................................... 1 

1.2 Flavonoids in Tea .................................................................................................... 2 

1.3 Tea polyphenols ...................................................................................................... 4 

1.4 Health benefits of tea ............................................................................................... 4 

1.5 Black tea .................................................................................................................. 8 

1.6 Tea quality indicators .............................................................................................. 9 

1.7 Principle metabolites found in tea and their metabolic attributes ............................ 10 

1.8 The tea breeding history in Africa .......................................................................... 14 

1.9 Improvements in Kenyan tea breeding programmes ............................................... 15 

1.10 Breeding for high yield and environmental stress resistance ................................. 15 

1.11 Current breeding strategies to obtain desirable characteristics .............................. 17 

1.12 Marker assisted selection ..................................................................................... 18 

1.13 Role of genetic markers in tea breeding improvement .......................................... 19 



viii 

 

1.14 Challenges faced in genomic selection ................................................................. 22 

1.15 Plant metabolomics .............................................................................................. 22 

1.16 Statistical analysis................................................................................................ 27 

1.17 PROBLEM STATEMENT ....................................................................................... 29 

1.18 RESEARCH OBJECTIVE ....................................................................................... 30 

1.19 RESEARCH OUTPUTS........................................................................................... 31 

1.20 REFERENCES ......................................................................................................... 32 

CHAPTER 2 ....................................................................................................................... 47 

PRIORITISING THE REPLANTING SCHEDULE OF SEEDLING TEA FIELDS ON 

TEA ESTATES FOR DROUGHT SUSCEPTIBILITY MEASURED BY THE 

SWAPDT METHOD IN THE ABSENCE OF HISTORICAL IN-FILLING 

RECORDS ............................................................................................................... 47 

ABSTRACT..................................................................................................................... 47 

2.1 INTRODUCTION ...................................................................................................... 48 

2.2 STATISTICAL ANALYSIS....................................................................................... 49 

2.2.1 Spatial regression Modelling ............................................................................... 49 

2.2.2 Contour Maps: construction and application ....................................................... 50 

2.2.3 Moran I Test Statistics ........................................................................................ 51 

2.2.4 Mann-Whitney test ............................................................................................. 53 

2.3 RESEARCH OBJECTIVE ......................................................................................... 55 

2.4 HYPOTHESES .......................................................................................................... 55 

2.5 MATERIALS AND METHODS ................................................................................ 56 

2.5.1 Sample Collection ............................................................................................... 56 

2.5.2 Statistical Analysis.............................................................................................. 57 

2.6 RESULTS .................................................................................................................. 58 

2.6.1 %drought score contour RWC plots based on SWAPDT method ........................ 58 

2.7 DISCUSSION AND CONCLUSION ......................................................................... 67 

2.8 REFERENCES ........................................................................................................... 69 



ix 

 

Appendix 2.1: Peer-reviewed scientific article based on results from Chapter 2 ................ 72 

Appendix 2.2: The meaning of the mean diamonds and x-axis proportional lines used in 

Chapter 2 statistical analysis ..................................................................................... 81 

CHAPTER 3 ....................................................................................................................... 83 

IDENTIFICATION OF QTLôS RESPONSIBLE FOR YIELD, DROUGHT TOLERANCE 

AND QUALITY TRAITS IN CAMELLIA SINENSIS USING GC-MS, 1H-NMR 

AND UPLC .............................................................................................................. 83 

ABSTRACT..................................................................................................................... 83 

3.1 INTRODUCTION ...................................................................................................... 84 

3.2 RESEARCH OBJECTIVE ......................................................................................... 87 

3.3 HYPOTHESIS ........................................................................................................... 87 

3.4 MATERIALS AND METHODS ................................................................................ 88 

3.4.1 Plant material ...................................................................................................... 88 

3.4.2 Sample collection and processing........................................................................ 88 

3.5 GC-MS sample preparation and analysis .................................................................... 89 

3.5.1 Sample preparation ............................................................................................. 89 

3.5.2 GC-MS analyses ................................................................................................. 89 

3.6 1H-NMR sample preparation and analysis................................................................... 90 

3.6.1 1H-NMR buffer solution ..................................................................................... 90 

3.6.2 1H-NMR sample preparation ............................................................................... 90 

3.7 UPLC sample preparation and analysis ....................................................................... 91 

3.7.1 Extraction of catechins, caffeine and theaflavins ................................................. 91 

3.7.2 UPLC analyses ................................................................................................... 91 

3.8 Metabolite identification ............................................................................................. 92 

3.9 Determination of tea quality ....................................................................................... 93 

3.9.1 DNA extraction and quantification ...................................................................... 93 

3.9.2 DArTseq assay.................................................................................................... 93 

3.9.3 Construction of linkage map ............................................................................... 93 

3.9.4 QTL analyses ...................................................................................................... 93 



x 

 

3.9.5 Fast Adaptive Shrinkage Thresholding Algorithm (FASTA) files preparation ..... 94 

3.9.6 Basic Local Alignment Search Tool (BLAST) search ......................................... 94 

3.9.7 Functional annotation and pathway assignment ................................................... 94 

3.10 RESULTS ................................................................................................................ 95 

3.10.1 Genetic map construction .................................................................................. 95 

3.10.2 Phenotype segregation and QTL mapping ......................................................... 95 

3.11 DISCUSSION AND CONCLUSION ..................................................................... 117 

3.12 REFERENCES ....................................................................................................... 127 

Appendix 3.1: DArTseq marker ID with the commensuating separate marker sequence . 137 

CHAPTER 4 ..................................................................................................................... 139 

MODELS FOR IDENTIFICATION OF ELITE MOTHER BUSHES WITH HIGH 

BLACK TEA COMMERCIAL POTENTIAL FROM MATURE SEEDLING 

FIELDS OF CAMELLIA SINENSIS ..................................................................... 139 

ABSTRACT................................................................................................................... 139 

4.1 INTRODUCTION .................................................................................................... 140 

4.2 RESEARCH OBJECTIVES ..................................................................................... 146 

4.3 HYPOTHESIS ......................................................................................................... 146 

4.4 MATERIALS AND METHODS .............................................................................. 147 

4.4.1 Plant material .................................................................................................... 147 

4.4.2 Sample collection and processing...................................................................... 147 

4.4.3. GC-MS sample preparation and analysis .......................................................... 148 

4.4.4 1H-NMR sample preparation and analysis ......................................................... 148 

4.4.5 UPLC-DAD and UPLC-MS sample preparation and analysis ........................... 149 

4.4.6 Metabolite identification ................................................................................... 151 

4.4.7 Data pre-processing .......................................................................................... 152 

4.4.8 Multivariate statistical analysis ......................................................................... 153 

4.4.9 Logistic regression analysis .............................................................................. 154 

4.5. RESULTS ............................................................................................................... 156 



xi 

 

4.5.1 List of tables showing detected metabolites using GC-MS, 1H-NMR, UPLC-DAD 

and UPLC-MS ........................................................................................................... 156 

4.5.2 Violin plots for GC-MS, 1H-NMR, UPLC-DAD and UPLC-MS ....................... 162 

4.5.3 GC-MS, 1H-NMR and UPLC-DAD PCA plots ................................................. 177 

4.5.4 UPLC-MS positive and negative ionisation mode PCA, PLS-DA and S-plots ... 179 

4.5.5 LR analysis ....................................................................................................... 189 

4.6 DISCUSSION AND CONCLUSION ....................................................................... 210 

4.7 REFERENCES ......................................................................................................... 225 

Appendix 4.1: Peer-reviewed scientific article based on results from Chapter 4 .............. 239 

Appendix 4.2:  Cohenôs d effect size definition, calculation and interpretation used in the 

statistical analysis of Chapter 4 data ....................................................................... 252 

CHAPTER 5 ..................................................................................................................... 254 

CONCLUDING DISCUSSION AND RECOMMENDATION ...................................... 254 

5.1 Concluding discussion ......................................................................................... 254 

5.2 Recommendations ............................................................................................... 259 

 

  



xii 

 

7. LIST OF FIGURES  

 
Figure 1.1: Biosynthesis of flavan-3-ols and their derivatives in C. sinensis leaves and roots . 2 

Figure 1.2: Structural configuration of flavonoid molecule. ................................................... 3 

Figure 1.3: Structural configuration of the major flavonoid categories. .................................. 4 

Figure 1.4: The antioxidant mechanism of action for catechin ............................................... 6 

Figure 1.5: Groups conferring antioxidant properties on catechin .......................................... 6 

Figure 1.6: Catechins predominant in green tea. .................................................................... 7 

Figure 1.7: Structures of the major theaflavins. ..................................................................... 8 

Figure 1.8: Flavonoid metabolism in C. sinensis. ................................................................. 11 

Figure 1.9: Theanine metabolism in C. sinensis. .................................................................. 12 

Figure 1.10: Caffeine metabolism in C. sinensis. ................................................................. 13 

Figure 1.11: Schematic representation of tea breeding program ........................................... 18 

Figure 1.12: Diagrammatic representation of the DArT principle ........................................ 21 

Figure 1.13: A metabolomics workflow .............................................................................. 24 

Figure 1.14: Number of publications on metabolomics ........................................................ 26 

Figure 2.1: Tea growing areas in Kenya .............................................................................. 49 

Figure 2.2: Two distributions with different medians but similar shape and spread. ............. 53 

Figure 2.3: Two distributions with differing median values ................................................. 54 

Figure 2.4: %RWC drought score contour plots................................................................... 60 

Figure 2.5: Mean distribution curves for the fields 12A, 12B, 13A and 13B ........................ 62 

Figure 2.6: Ideal theoretical vs practical sample size required. ............................................. 63 

Figure 2.7: Oneway analysis of the % RWC against the two good and two poor fields. ....... 64 

Figure 2.8: Power curves ..................................................................................................... 66 

Figure 3.1: Proposed identification confidence levels in high resolution MS analysis. ......... 92 

Figure 3.2: Genetic map of C. sinensis, displaying GC-MS QTL locations .......................... 98 



xiii 

 

Figure 3.3: Genetic map of C. sinensis, displaying 1H-NMR QTL locations ...................... 101 

Figure 3.4: Genetic map of C. sinensis, displaying UPLC QTL locations .......................... 108 

Figure 4.1: Violin plots showing separation between the Comm and NComm cultivars based 

on GC-MS metabolites. ..................................................................................................... 165 

Figure 4.2: Violin plots showing separation between the Comm and NComm cultivars based 

on 1H-NMR metabolites. ................................................................................................... 169 

Figure 4.3: Violin plots showing separation between the Comm and NComm cultivars based 

on detected UPLC-DAD metabolites. ................................................................................ 172 

Figure 4.4: Violin plots showing separation between the Comm and NComm cultivars based 

on UPLC-MS metabolites. ................................................................................................ 176 

Figure 4.5: The 3D PCA scores plots for PCs one, two and three, for GC-MS (A) 1H-NMR 

(B) and UPLC-DAD (C) ................................................................................................... 177 

Figure 4.6: The 3D PLS-DA scores plots for LVs one, two and three, for GC-MS (A), 1H-

NMR (B) and UPLC-DAD (C) .......................................................................................... 178 

Figure 4.7: (A) The PCA scores plot; (B) the PLS-DA plot, and (C) the s-plot, showing good 

separation between the Comm and the NComm cultivars in positive ionisation mode........ 180 

Figure 4.8: (A) The PCA scores plot; (B) the PLS-DA plot, and (C) the s-plot, showing good 

separation between the Comm and the NComm cultivars in negative ionisation mode. ...... 181 

Figure 4.9: (A) Pure caffeine and (B) ECg standards identified through their fragments and 

confirmed by their hit and score values ............................................................................. 188 

Figure 4.10: Nominal LR using all the detected GC-MS variables. .................................... 189 

Figure 4.11: Nominal LR using the seven statistically significant variables from the total 

deteced variables. .............................................................................................................. 189 

Figure 4.12: (A) shows the LR plot using Acetoacetic acid/Psicose as a variable. (B) shows 

the confusion matrix obtained from the LR analysis. ......................................................... 190 



xiv 

 

Figure 4.13: Decision tree based on the GC-MS metabolites ............................................. 191 

Figure 4.14: Nominal LR using all the detected 1H-NMR variables. .................................. 192 

Figure 4.15: Nominal LR model developed on amino acid variables. ................................ 192 

Figure 4.16: Nominal LR using all CAF, and all five catechin variables. ........................... 193 

Figure 4.17: (A) shows the LR plot using CAF/CAT as a variable. (B) shows the confusion 

matrix obtained from the LR analysis. ............................................................................... 193 

Figure 4.18: Decision tree based on the 1H-NMR CAF and all five catechin variables ....... 194 

Figure 4.19: (A) shows the LR plot using CAF/EGC as a variable, and (B) its confusion 

matrix. .............................................................................................................................. 194 

Figure 4.20: (A) shows the LR plot using CAT/EC as a variable. (B) shows the confusion 

matrix obtained from the LR analysis. ............................................................................... 195 

Figure 4.21: (A) shows the LR plot using CAF/EC as a variable. (B) shows the confusion 

matrix obtained from the LR analysis. ............................................................................... 195 

Figure 4.22: Nominal LR using all ten UPLC-DAD variables. .......................................... 196 

Figure 4.23: Nominal LR using only the four theaflavin variables. .................................... 196 

Figure 4.24: (A) shows the LR plot using TF4 as a variable. (B) shows the confusion matrix 

obtained from the LR analysis. .......................................................................................... 197 

Figure 4.25: Nominal LR using CAF, and all five catechin variables. ................................ 198 

Figure 4.26: Decision tree based on CAF and all five catechin variables ........................... 199 

Figure 4.27: (A) shows the LR plot using CAT/EC as a variable. (B) shows the confusion 

matrix obtained from the LR analysis. ............................................................................... 200 

Figure 4.28: (A) Superimposed green tea UPLC/DAD chromatograms of one Comm and one 

NComm cultivar................................................................................................................ 201 

Figure 4.29: (A) Superimposed black tea UPLC/DAD chromatograms of one Comm and one 

NComm cultivar................................................................................................................ 202 



xv 

 

Figure 4.30: Decision tree based on CAF and the catechin variables, excluding CAT ........ 203 

Figure 4.31: (A) shows the LR model for the CAF and catechins, excluding CAT. (B) shows 

the LR plot based on the CAF/EC ratio. (C) shows the confusion matrix for the CAF/EC 

ratio. ................................................................................................................................. 204 

Figure 4.32: (A) shows the LR model for CAT+EC+ECg. (B) shows the confusion matrix for 

CAT+EC+ECg. ................................................................................................................. 205 

Figure 4.33: (A) shows the LR model for Simple/Complex catechins. (B) shows the 

confusion matrix for the Simple: Complex catechin model. ............................................... 206 

 

  



xvi 

 

8. LIST OF TABLES  

 

Table 3.1: DArT markers distribution among the linkage groups. ........................................ 96 

Table 3.2: GC-MS QTLs ..................................................................................................... 97 

Table 3.3: NMR QTLs ........................................................................................................ 99 

Table 3.4: UPLC QTLs ..................................................................................................... 102 

Table 3.5: The differences between 1H-NMR and UPLC QTL markers. ............................ 109 

Table 3.6: Functional annotation of putative candidate genes in GC-MS related linkage 

groups of C. sinensis on reference tea genome. .................................................................. 110 

Table 3.7: Functional annotation of putative candidate genes in 1H-NMR related linkage 

groups of C. sinensis on reference tea genome. .................................................................. 111 

Table 3.8: Functional annotation of putative candidate genes in UPLC-DAD related linkage 

groups of C. sinensis on reference tea genome. .................................................................. 113 

Table 4.1: The list of tentatively identified metabolites detected by GC-MS, expressed in 

arbitrary units. ................................................................................................................... 156 

Table 4.2: The list of metabolites detected by 1H-NMR, expressed in mg/g. ...................... 157 

Table 4.3: The list of metabolites detected by the UPLC-DAD, expressed in mg/g. ........... 158 

Table 4.4: The list of metabolites detected by the UPLC-MS, expressed in arbitrary units. 159 

Table 4.5: The list of identified metabolites to be distinguishing markers between the Comm 

and NComm cultivars........................................................................................................ 161 

Table 4.6: List of LR models developed showing the %specificity and %sensitivity of each. 

Prob(Comm) = 1 / (1 + Exp( -(Lin[Comm]))). ................................................................... 207 

 

  



xvii 

 

9. LIST  OF APPENDICES 

 

 

Appendix 2.1: Peer-reviewed scientific article based on results from Chapter 2 ................... 72 

Appendix 2.2: The meaning of the mean diamonds and x-axis proportional lines used in 

Chapter 2 statistical analysis................................................................................................ 81 

Appendix 3.1: DArTseq marker ID with the commensuating separate marker sequence .... 137 

Appendix 4.1: Peer-reviewed scientific article based on results from Chapter 4 ................. 239 

Appendix 4.2:  Cohenôs d effect size definition, calculation and interpretation used in the 

statistical analysis of Chapter 4 data .................................................................................. 252 

 

  



xviii 

 

10. LIST  OF ABBREVIATIONS  

 

4CL  4-coumarateīCoA 

ABA   Abscisic Acid 

AFLP   Amplified Fragment Length Polymorphism 

ANR  Anthocyanidin reductase 

ANS  Anthocyanidin synthase 

BEH  Bridged ethylsiloxane hybrid 

BLAST Basic Local Alignment Search Tool 

BLASTN Basic Local Alignment Search Tool (Nucleotide) 

BLASTX Basic Local Alignment Search Tool (Protein) 

BRK   Briskiness  

BRT   Brightness 

BSTFA Bis (trimethylsilyl)trifluoroacetamide 

C4H  Cinnamate 4-hydroxylase 

CA  Caffeic acid 

CAF  Caffeine 

CAT  Catechin 

CG  Catechin gallate 

CHI  Chalcone isomerase 

CHS  Chalcone synthase 

CI  Chemically ionised 

Comm  Commercial 

CV  Coefficient of variation 

D2O  Deuterium oxide 

DAD  Diode array detector 

DArT  Diversity Array Technology 

DFR  Dihydroflavonol-4-reductase 

DIMS  Direct injection mass spectrometry 

DNA  Deoxyribonucleic acid 



xix 

 

DT  Drought tolerant 

DS  Drought susceptible 

EC  Epicatechin 

ECg  Epicatechin gallate 

EDTA  Ethylenediaminetetraacetic acid 

EGC  Epigallocatechin 

EGCg  Epigallocatechin gallate 

EI  Electron impact ionisation 

EV  Electron volts 

F3H  Flavanone 3-hydroxylase 

F3ǋH  Flavonoid 3ǋ-monooxygenase 

F3ǋ5ǋH  Flavonoid 3ǋ, 5ǋ-hydroxylase 

FAO  Food and Agricultural Organisation 

FASTA Fast Adaptive Shrinkage Thresholding Algorithm 

FLS  Flavonol synthase 

FN  False negative 

FP  False positive 

FTIR  Fourier transform infrared spectroscopy 

GC  Gas chromatography 

GCG  Gallocatechin gallate 

GDH  Glutamate dehydrogenase 

GC  Glutamate synthase 

GxE  Genotype x environment 

HIV  Human immunodeficiency virus 

HPLC  High performance liquid chromatography 

IMPDH Inosine 5ǋmonophosphate dehydrogenase 

ISO  International Organisation for Standardisation 

KEGG  Kyoto Encyclopedia of Genes and Genomes 

LAR  Leucoanthocyanidin reductase 

LC  Liquid chromatography 



xx 

 

LG  Linkage group 

LOD  Odds of logarithm 

LOO-CV Leave-one-out cross-validation 

LR  Logistic regression 

LV   Latent variable 

MAS  Marker assisted selection 

MATE  Multidrug and Toxic Compound Extrusion 

mQTL  Metabolite quantitative trait loci 

MS  Mass spectrometry 

NComm NonCommercial 

NIST  National Institute of Standards and Technology 

NMR  Nuclear Magnetic Resonance 

PAL  Phenylalanine ammonia-lyase 

PCA  Principal component analysis 

PCR  Polymerase chain reaction 

PLS-DA Partial least squares discriminant analysis 

PVE  Phenotypic variation explained 

QC  Quality control 

QTL  Quantitative Trait Loci 

RAPD   Random Amplification of Polymorphic DNA 

RT  Retention time 

RWC  Relative water content 

SABINA  Southern African Biochemistry and Informatics for Natural Products 

SAM  S-adenosyl-L-methionone synthase 

SASBMB  South African Society of Biochemistry and Molecular Biology 

SD  Standard deviation 

SEM  Standard error of the mean 

SNP   Single Nucleotide Polymorphism 

SRM  Selected reaction monitoring 

SSR   Simple Sequence Repeat 



xxi 

 

SWAPDT Short-time Withering Assessment of Probability for Drought Tolerance 

TF1  Theaflavin 

TF2  Theaflavin-3-gallate 

TF3  Theaflavin-3ô-gallate 

TF4  Theaflavin-3, 3ô-digallate 

ToF  Time of flight 

TN  True negative 

TP  True positive 

TR  Thearubigin 

TRFCA Tea Research Foundation of Central Africa 

TRFK  Tea Research Foundation of Kenya 

TRI  Tea Research Institute 

TS  Theanine synthase 

UPLC  Ultra performance liquid chromatography 

UV  Ultra violet 

VIP  Variable importance in projection 

WHO  World Health Organisation 



1 

 

11. CHAPTER 1 

LITERATURE REVIEW 

1.1 Camellia sinensis  

In-depth studies have been conducted on Camellia sinensis due to its precise flavonoid 

profile, responsible for tea health properties. Green tea, rich in catechins, serves as a 

traditional herbal remedy in China to prevent cardiovascular diseases amongst other chronic 

diseases. Tea prepared from the leaves of C. sinensis has been consumed either as green or 

black tea, by 70% of the human global population, since time immemorial, owing to its 

richness in polyphenolic compounds, which are associated with copious health promoting, 

therapeutic attributes (Tong et al., 2014); tea arrived in Europe only in 1636. Tea producers 

are in demand of new cultivars, which are high yielding, are drought tolerant, and produce 

high quality tea liquors. The main types of tea consumed worldwide are green, oolong and 

black tea, each being determined by the concentration their respective flavan-3-ols 

(Wambulwa et al., 2017). Over 52 countries worldwide cultivate C. sinensis, being consumed 

either as black (78%), green (20%) or oolong (2%) tea. Green tea is however predominantly 

favoured in North African and Middle Eastern countries, while black tea is customarily 

consumed in Western countries (Cooper et al., 2005). Green tea quality evaluation has 

conventionally been based on the appearance i.e. colour and its intensity, aroma i.e. sweet, 

floral, grassy, etc., and lastly, its taste i.e. astringency, bitterness, and sweetness. Tea gets its 

distinctive astringent and somewhat bitter taste from caffeine, even though several other 

metabolites such as the catechins and other polyphenols, carbohydrates, and amino acids are 

influential in its overall taste and flavour (Adkins et al., 2007; Nyarukowa et al., 2016). The 

amino acid theanine, which makes up approximately two-thirds of a tea leafôs total amino 

acids content, is with other less abundant amino acids, responsible for the sweet and brothy 

taste of tea. However, it is noteworthy to indicate that the metabolite composition, which 

influences tea quality, varies between green and black tea. Unlike with green tea, whose 

quality depends on amino acids, particularly theanine, catechins and caffeine, the quality of 

black tea relies on theaflavin, thearubigen, catechin and caffeine (Le Gall et al., 2004). 

According to the World Health Organisation (WHO), about 3.92 million metric tonnes of tea 

is annually produced, and of this, black tea constitutes 60%, while green tea represents 30% 

(Meeting and Organization, 2010). Green tea production is however predicted to have 
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considerably increased compared to black tea due to its immense increased consumption in 

China (Shen et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Biosynthesis of flavan-3-ols and their derivatives in C. sinensis leaves and roots (Jiang et al., 2015). 

1.2 Flavonoids in Tea 

The dry weight of young C. sinensis leaves consists of 25 ï 30% flavan-3-ols (Singh et al., 

1999). Flavonoids are a sundry class of plant metabolites biosynthesised from 

phenylpropanoids and derived acetates from carbohydrate metabolism as indicated in Figure 

1.1. More than a few disparate types of flavonoids exist, with the most significant being 

dietary flavonoids, which fall into seven major categories, namely anthocyanidins, chalcones, 

flavanols, flavones, flavonones, flavonols, and isoflavonoids (Yilmaz, 2006). Flavonoids are 

essential metabolites required by plants for their growth and development. They protect the 

plant against microbes and pests by interfering with their interactions with the plant and are 

involved in the manufacture of phytoalexins, which are insect repellents (Lattanzio et al., 

2006). C. sinensis makes use of carbon obtained from the metabolism of amino acids 

tryptophan, tyrosine and phenylalanine for the biosynthesis of 15C flavonoids with a C6-C3-

C6 configuration, through the condensation and decarboxylation of phenylpropanoid 
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derivatives (Cuendet et al., 2001), with chorismic acid being the end product (Jiang et al., 

2019). C. sinensis then associates carbohydrate metabolism to the shikimate pathway via the 

pentose pathway, resulting in phenylpropanoid biosynthesis. The flavonoid structure is made 

up of two aromatic rings A and B, linked by a 3C bridge, in a heterocyclic ring, as shown in 

Figure 1.2 below. 

 

 

 

Figure 1.2: Structural configuration of flavonoid molecule. 

The A ring is derivative of the acetate pathway, while the B ring is a derivative of 

phenylalanine via the shikimate pathway. Varying the replacements, through e.g. acylation, 

alkylation, glycosylation, oxygenation, and sulfation of the A and B rings will result in the 

formation of varying compounds within each flavonoid class. It is these variations resulting 

from the substitutions to the C ring, which generate the major flavonoid categories, namely 

anthocyanidins, chalcones, flavanols, flavones, flavonones, flavonols, and isoflavonoids, as 

shown in Figure 1.3. In a Kenyan study in 2009, tea cultivars with purple coloured leaves 

were developed (Kamunya et al., 2009), and a follow up study in 2013 found that said purple 

leaves were rich in anthocyanins and anthocyanidins, with malvidin being the predominant 

anthocyanidin responsible for causing the colour (Kerio et al., 2013). 
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Figure 1.3: Structural configuration of the major flavonoid categories. 

1.3 Tea polyphenols 

The majority of osmolytes found in plants are secondary metabolites; tea osmolytes are 

predominantly comprised of polyphenolic metabolites (Cheruiyot et al., 2007). Polyphenols 

are metabolites consisting of integrated benzene rings, each comprising of numerous 

hydroxyl groups, and ranging from simple phenolic, to complex polymerised compounds 

(Balasundram et al., 2006). Although 90% of polyphenols found in tea are flavonoids, other 

classes of polyphenols exist i.e. phenolic acids and tannins (Sumpio et al., 2006), with 

tannins being the most active (Bravo, 1998). Polyphenols, being secondary metabolites, are 

derivatives of condensation reactions between cinnamic acid and three malonyl-CoA groups. 

These compounds exist as conjugates of mono and polysaccharides connected to phenolic 

groups (Balasundram et al., 2006). 

1.4 Health benefits of tea 

The efficacious health promoting properties of green and black tea have been extensively 

documented in literature, particularly regarding protection against cardiovascular diseases 

and cancer (Bahorun et al., 2012), obesity and diabetes (Uchiyama et al., 2011), and several 

metabolic ailments (Thielecke and Boschmann, 2009). Epicatechin (EC), epicatechin gallate 

(ECg), epigallocatechin (EGC), and epigallocatechin gallate (EGCg) are the major catechins 

found in tea, with EGCg being the most copious, making up 50 - 80% of the total catechin 

content (Sang et al., 2011). Structures for the catechin found particularly in green tea are 
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shown in Figure 1.6. Literature has documented the antioxidant, anti-hypertension, anti-

inflammatory, anti-mutagenic, and anti-tumorgenic properties of tea stemming from the 

catechins, as well as the induced relaxation and enhanced cognitive function stemming from 

theanine (Lisman et al., 2008; Haskell et al., 2008). Additional research has revealed that the 

co-administration of drugs and e.g. teas rich in catechins EC and EGCg bring about the 

inhibition of glucoronidation and sulfation reactions of oral drugs, increasing their 

bioavailability within the body (Suganuma et al., 2011). The theanine in tea induces 

relaxation; the reason for this is theanine translocates the blood brain barrier within 30 

minutes, in a dose-dependent fashion, following its consumption (Terashima et al., 1999). 

Furthermore, the relaxing effects of theanine have been documented in physiology studies 

focused on stress and anxiety (Kimura et al., 2007), while also acting as an antagonist against 

the stimulatory effects of caffeine (Rogers et al., 2008), and possessing exhibiting anti-

hypertensive qualities (Yokogoshi and Kobayashi, 1998). In addition to this, theanine also 

effectively prevents liver damage resulting from an excessive intake of alcohol (Sadzuka et 

al., 2005). Due to these documented pharmacological properties possessed by polyphenols, 

numerous tests on tea extracts have been conducted with these extracts serving as 

prophylactics e.g. the preclinical trials of polyphenon E in the chemoprevention of lung 

cancer (Lambert et al., 2005), and EGCg as a human immunodeficiency virus reverse 

transcriptase antagonist (Nance and Shearer, 2003). Moreover, studies have also shown that 

theaflavins suppress HIV transcription (Gramza et al., 2005). Lastly, catechins have 

extensively been documented to possess antioxidative attributes due to a high affinity for 

scavenging reactive oxygen and nitrogen species as illustrated in Figure 1.4 below. Catechins 

have a 3,4,5-trihydroxyl group on its B ring, with a gallate group esterified at the third 

position on its C ring, with positions 5 and 7 of its A ring having hydroxyl groups (Figure 

1.5) (Frei and Higdon, 2003); the more hydroxyl groups located on each flavonoid ring, the 

more antioxidant properties the molecule has (Lien et al., 1999). Catechins possess anti-

cancer properties by suppressing the growth of cancerous cells through the blockage of 

angiogenesis. Catechins prevent diabetes by inhibiting the sodium transporter SGLT1ôs 

mechanism of action, therefore suppressing the uptake of glucose, and in turn lowering blood 

glucose levels (Khan and Mukhtar, 2007). As such, tea is no longer consumed just for the 

enjoyment of its gratifying taste and aroma, but also for its therapeutic properties (Zhang et 

al., 2012). Figure 1.6 shows a list of the predominant catechins in green tea. 
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Figure 1.4: The antioxidant mechanism of action for catechin (Amic et al., 2007). 

 

 

 

 

 

 

 

Figure 1.5: Groups conferring antioxidant properties on catechin (Frei and Higdon, 2003). 
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Figure 1.6: Catechins predominant in green tea. 
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1.5 Black tea 

Unlike green tea, which is predominantly consumed in North Africa and the Middle East, 

black tea is primarily consumed in Western countries as well as in certain Asian countries 

e.g. India and Sri-Lanka, and throughout East African countries. Kenya, for example, 

specialises in the production of black tea and as of August 2018, has been declared the 

worldôs largest black tea producer and exporter, with a 23% market share, followed by China 

with 18% and thirdly Sri Lanka with 15% (Kariuki, 2018). In contrast to green tea, black tea 

predominantly consists of theaflavins, namely theaflavin (TF1), theaflavin-3- gallate (TF2), 

theaflavin-3ô-gallate (TF3) and theaflavin-3, 3ô-digallate (TF4). These are shown in Figure 

1.7 below. These are formed through the oxidation of catechins, and constitute black teaôs 

primary polyphenols (Sang et al., 2011). In addition to catechins, metabolites such as 

caffeine, kaempferol, myricetin, theobromine, theophylline and quercetin can be found in 

black tea in minute quatities (Balentine et al., 1997); these influence the quality of tea liquor. 

 

Figure 1.7: Structures of the major theaflavins.  
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1.6 Tea quality indicators 

The polyphenolic metabolites have served as the principal tea quality indicators for a very 

long time. The organoleptic evaluation of black tea by tea tasters to ascertain tea liquor 

quality is through sight, smell and or taste of the tea liquor (Kumar et al., 2011). Several 

studies have documented the correlation which exists between the fresh green leafôs 

phytochemical composition, the processing parameters employed to get black tea and the 

sensory quality attributes of the resultant black tea liquor (Obanda et al., 2001). During 

organoleptic evaluation of black tea liquor, the tea tasters base their decision on five 

parameters, namely aroma, astringency, brightness, briskness, and colour (Hilton and Ellis, 

1972). Caffeine, theaflavins, thearubigins, and several minor flavour related volatile 

compounds are all contributory to the resultant quality of tea liquor obtained (Owuor et al., 

2006a). Furthermore, higher concentrations of carotenoids and chlorophyll in green tea have 

been submitted as possible black tea quality indicators of the resultant liquor produced from 

these cultivar clones (Taylor et al., 1992). Hilton and Ellis, (1972) documented the 

statistically significant linear correlation, which exists between theaflavin content and the 

market value of black teas from various tea producing countries globally. It is noteworthy to 

mention that though the Kenyan cultivars showed a positive correlation between theaflavin 

content and tea price, said correlation was not statistically significant, while cultivars 

obtained from Central Africa demonstrated a significant correlation between theaflavin 

content and tea price (Owuor et al., 2006). These observed differences in theaflavin content 

could emanate from the influential differences of the geographical regions of production 

(McDowell et al., 1995), or it could be due to the genetic variations in the cultivars i.e. there 

is inter and intra clonal variation when it comes to the formation of theaflavins via aeration 

(Magoma et al., 2000). It is for this reason that theaflavin concentration in the tea liquor does 

not, on its own, always accurately represent black tea quality; the different rates of theaflavin 

formation due to varying levels of aeration. The astringency of black tea differs with the total 

composition of theaflavins; the reason being that individual theaflavins possess varying 

astringencies. The astringency obtained when all four theaflavins i.e. TF1 - TF4 combined, 

can serve as a black tea quality indicator (Owuor et al., 2006). 
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1.7 Principle metabolites found in tea and their metabolic attributes 

1.7.1 Flavonoids 

Flavonoids, as abovementioned, are classified as anthocyanins, flavan-3-ols, flavanones, 

flavonols, flavones, and isoflavones (Del Rio et al., 2013). Polyphenols are the predominant 

class of flavonoids, with catechins constituting more than half of them; the major catechins 

are catechin, EC, ECg, EGC, EGCg, catechin gallate (CG), and gallocatechin gallate (GCG) 

(Chanphai and Tajmir-Riahi, 2019), with EGCg accounting for the highest quantity. 

Moreover, methylated catechins and digallic acid bound catechins may also be located in C. 

sinensis (Zhang et al., 2017). These catechin derivatives, in addition to their unique 

pharmacological effects, also interact with DNA by means of hydrophilic and hydrophobic 

interactions (Chanphai and Tajmir-Riahi, 2019). O-methylated-EGCg for example has been 

shown to alleviate Japanese cedar pollinosis (Masuda et al., 2014). Catehins as mentioned 

earlier provide C. sinensis with a chemical defence against pathogens and herbivores 

(Masuda et al., 2014). Figure 1.8 below shows the schematic representation of the flavonoid 

biosynthetic pathway. 
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Figure 1.8: Flavonoid metabolism in C. sinensis. 

Abbreviations: PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarateīCoA 

ligase; CHI, chalcone isomerase; CHS, chalcone synthase; F3ǋ5ǋH, flavonoid 3ǋ, 5ǋ-hydroxylase; F3H, flavanone 

3-hydroxylase; F3ǋH, flavonoid 3ǋ-monooxygenase; FLS, flavonol synthase; DFR, dihydroflavonol-4-reductase; 

ANS, anthocyanidin synthase; ANR, anthocyanidin reductase; LAR, leucoanthocyanidin reductase (Jiang et al., 

2019). 
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1.7.2 Theanine 

According to literature, 26 amino acids have been documented to be found in tea; these 

include 20 protein, and six non-protein amino acids. Theanine synthase, found in the roots, 

catalyses glutamic acid into theanine, which falls under the non-protein amino acids, and 

accounts for approximately 70% (w/w) of the free amino acids found in a leafôs dry weight; 

root theanine biosynthesis is a result of nitrogen absorption in the root of ammonia and 

nitrates (Deng et al., 2010). Theanine functions, not only as a nitrogen reservoir, but also as a 

carbon backbone initiator for synthesis during germination (Sharma et al., 2018). Theanine 

hydrolase, in the presence of sunlight, hydrolyses glutamic acid and ethylamine to theanine in 

the leaves. Ammonia oxidase induces the conversion of ethylamine into acetaldehyde, which 

is a catechin precursor (Kito et al., 1968). Figure 1.9 below shows the metabolism of theanine 

in C. sinensis. 

 

 

 

 

Figure 1.9: Theanine metabolism in C. sinensis. GDH represents glutamate dehydrogenase; TS represents 

theanine synthase, and GS represents glutamine synthase (Jiang et al., 2019). 
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1.7.3 Caffeine 

Caffeine is biosynthesised in the tender leaves of C. sinensis from both the de novo, and 

salvage pathways (Ashihara et al., 2013), which involves a four step sequence involving one 

nucleosidase and three methylation reactions (Mohanpuria et al., 2010). Caffeineôs purine 

ring is formed from de novo biosynthesis from CO2, formate, glutamine, and glycine, with 

adenine functioning as the predominant source. The alkaloid theobromine is a caffeine 

precursor. Approximately 99% of the formed caffeine is located in the young, fresh leaves; 

minute amounts of caffeine are also manufactured in the flowers, fruit, and roots of the tea 

plant, with most of it being bound to chlorogenic acid in the vacuole (Waldhauser and 

Baumann, 1996). Figure 1.10 below shows a schematic representation of caffeineôs 

biosynthetic pathway. 

 

 

 

Figure 1.10: Caffeine metabolism in C. sinensis. SAMs represents S-adenosyl-L-methionone synthase, and 

IMPDH represents inosine 5ǋmonophosphate dehydrogenase (Jiang et al., 2019). 
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1.8 The tea breeding history in Africa 

C. sinensis is an evergreen perennial tree distinguished from others, by a large 3.02 Gb 

diploid genome, with a 2n= 2x= 30 chromosome number (Xia et al., 2017). C. sinensis is out-

crossing and highly self-incompatible (Wachira and Kamunya, 2005), therefore making it 

heterogeneous and heterozygous (Muoki et al., 2007). It is postulated that the Camellia genus 

encompasses over 300 species; C. sinensis (L.) O. Kuntze has been documented to be the 

foremost prominent agronomic specie (Mondal et al., 2004). The 2012 discovery of C. 

cherryana (Orel and Wilson, 2012), made evident how unstable and highly out-crossed the 

Camellia genus is. The C. sinensis chromosomes are small and have median centromeres, an 

indication of how primitive they are, limit ing the advancement of polyploidy screening in tea 

(Singh et al., 2013b). The first breeding stratagems targeted artificial pollination between 

cultivars differing in specific morphological attributes in a bid to produce superior cultivars 

(Willson and Clifford, 2012). The resultant seeds produced from the controlled pollination 

between the selected cultivar pairs were then replicated on test plots, with a well performing 

commercial cultivar serving as an observation control for attributes such as growth vigour, 

leaf quality and yield output. The two cultivar bushes with seedling progeny presenting 

significant promise were proliferated through vegetative propagation, planted as propagative 

clones in alternating rows in an isolated seedling fields to yield naturally cross-pollinated 

seeds. The superlative fields then served as checks for high yielding and better liquor quality 

producing clones (Green, 1966). The early African tea estates were planted using open 

pollinated seeds (Cannell et al., 1977). In Assam and several north-east Indian regions, the 

prominence was placed on mass selection, involving randomised crosses between cultivars, 

which varied in leaf size and shape, growth rate, and texture (Wight, 1956). The issue with 

mass selection is that it regularly failed to yield high quality teas and failed to generate 

cultivars of constant morphological characteristics necessary for improved quality and yields 

(Richards, 1966). The upside of this is that numerous seed varieties were subsequently 

developed at Assam, which possess superior quality and yield traits compared to those 

randomly planted earlier. Sri-Lankan breeders constrained mass selection to selecting the 

superlative cultivars capable of vegetative propagation to give high yielding, identical 

progeny (Visser and Kehil, 1958). 
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1.9 Improvements in Kenyan tea breeding programmes 

The employment of seeds obtained from Assam, India, saw the beginning of improvements in 

Kenyaôs tea breeding programmes, which brought about the establishment of the initial two 

polyclonal seed baries at Kangaita and Timbilil (Anon, 1990) following the 1980 formation 

of Tea Research Foundation of Kenya (TRFK), now known as the Tea Research Institute 

(TRI). Other large tea producing companies such as James Finlay (Kenya) and George 

Williamson (Kenya) followed suit and instituted programmes that saw the establishment of 

their own improved seed baries. Mass selection was employed as tea improvement method, 

proving a success, to an extent. It however, failed to generate a robust type of tea possessing 

satisfactory cup attributes and morphological consistency. Moreover, the developed 

progenies had not been specifically chosen for their high quality and yielding traits, and as 

such the resultant seedlings were a mixture of miscellaneous and mediocre genotypes 

(Wachira, 2001). Despite the abovementioned challenges, the tea breeding taking place at the 

TRI has resulted in the generation of new biclonal seed baries, while concurrently expanding 

the prevailing polyclonal seed baries. As of 2006, approximately 60% of clones concomitant 

with TRFK 6/8 have been commercialised, stemming from the Timbilil tea estateôs breeding 

programme. Furthermore, 24 out of the 45 developed clones have found success in industry, 

amongst which are the elite Cambod varieties, TRFK 301/4 and TRFK 301/5. In addition to 

these, are the clones TRFK 430/90 and TRFK 371/3, which in addition to them having high 

yield and improved black tea quality, these new cultivars possess biotic and abiotic stress 

tolerance properties (Kamunya and Wachira, 2006). Breeders have used the TRFCA SFS 150 

clone from Malawi and the TRFK 303/577 to produce varieties that are drought tolerant, such 

as the EPK TN 14-3, and have crossed the TRFCA SFS 150 and EPK TN 14-3 to produce F1 

progeny tolerant to cold (Kamunya et al., 2010); only the superior clones are being employed 

by farmers. 

1.10 Breeding for high yield and environmental stress resistance 

1.10.1 High yield 

Plant breeders have been finding it daunting to develop high yielding clones from seedling 

mother bushes. Earlier studies (Green, 1971) failed to establish reliable correlations between 

growth and yield properties of mother bushes, and their resultant F1 progeny clones. 

Subsequent studies (Nyirenda, 1991) has shown adequately strong correlations between the 

tea bush area, shoot number, and yield of tea mother bushes and those of their clones. A 
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strong positive correlation between growth traits and yield in matured tea fields was observed 

(Shanmugarajah et al., 1991). 

1.10.2 Environmental stress 

Due to the effects of global warming, fluctuations in weather patterns are being observed in 

Kenya, particularly the increased temperatures, leading to prolonged drought spells in the tea 

growing region (Elbehri et al., 2015). Due to these changes in the climate, tea production is 

drastically being reduced because of a shortage of suitable lands at lower altitudes and the 

result of this is that farmers have to seek lands at higher altitudes. Moreover, evidence has 

been furnished, over the course of the past 30 years, that temperatures in tea growing regions 

have been increasing at a rate of 0.2°C per decade (Cheserek et al., 2015). In addition to this, 

stresses concomitant with temperature fluctuations in tea producing areas such as Kericho, 

Kisii, and Nandi, have added to the grave tea production limitations in Kenya. Tea production 

is also reliant on well scattered rains; a rise or drop in temperatures as a result of the 

fluctuations in the rainfall patterns, adversely influences the quantity and quality of tea 

(Chang, 2015). The farming of tea has now been extended to areas previously deemed 

marginal and unsuitable for growing tea (Owuor et al., 2010). 
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1.11 Current breeding strategies to obtain desirable characteristics 

The objectives of tea breeding programmes vary from one geographical area to another; 

however due to the abovementioned effects of climate change, breeders are seeking varieties 

with improved resistance to the environmental stresses, while maintaining high quality. Tea 

breeders are concentrating on selecting and breeding populations rich in e.g. alkaloids such as 

caffeine, theobromine and theophylline; amino acids, namely theanine; carbohydrates like 

fructose and mannose; polyphenols, namely catechins, and proteins (Karori et al., 2014). The 

reason for this is that tea liquor has become a renowned healthy drink. Tea consumption has 

risen annually by 4.5% to 5.5 million tonnes as of 2016, predominantly in China, India and 

countries with emerging, developing economies; consumption is postulated to increase by 

another 1.5 million tonnes by 2027 (FAO, 2018). In the past, countries such as Kenya, India, 

and Sri Lanka, which are high black tea producing tend to breed cultivars which will produce 

black tea rich in theaflavins as they have been documented to be high yielding and high black 

tea quality clones. Efforts have been made to combine these two qualities into an F1 progeny 

via hybridisation breeding, but the lack of requisite knowhow pertaining to inheritance 

patterns and how to combine desirable attributes into a single progeny has caused sluggish 

progress in tea breeding (Wachira and Kamunya, 2005). A concerted effort is required to 

fully grasp and comprehend genetic variability found in tea, to aid in the development of the 

desired genotypes with the desired attributes (Kaundun and Matsumoto, 2003a). Studies have 

been conducted on linkage maps, MAS, molecular markers, mutation breeding, and QTLs to 

enhance breeding strategies (Chen et al., 2013). Figure 1.11 shows a schematic representation 

of current tea breeding strategy. 
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Figure 1.11: Schematic representation of tea breeding program (Hazra et al., 2018). 

1.12 Marker assisted selection 

MAS is where the plants possessing the genes responsible for expressing the attributes the 

breeders are interested in, are selected through these molecular markers. Through the 

advances in, and convenience of molecular markers and genetic maps, the employment of 

MAS has become possible in many crops, as has been observed with the use of rice 

molecular markers to discover novel markers in other crops such as barley and wheat (Ellis 

and Nyirenda, 1995), and has been employed in the improvement of millet (Obanda et al., 

2001). Alt hough C. sinensis genetic maps have been documented by (Hackett et al., 2000; 

Adkins et al., 2007; Wright et al., 2002), and studies have been conducted on QTL mapping 

(Wright et al., 2002; Koech et al., 2018), which have identified markers and linkage groups 
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that are responsible for the expression of quantitative traits such as caffeine content, making 

the development of saturated linkage maps a necessary tool for MAS in the breeding of tea. 

1.13 Role of genetic markers in tea breeding improvement 

Genetic markers are specified chromosomal positions, functioning as genome analysis 

landmarks. These markers consist of biochemical, DNA, and morphological markers. Several 

converging biochemical and physiological characteristics are employed in conservative plant 

breeding to ascertain the cultivarsô genetic multiplicity. As a result of its outbreeding nature, 

C. sinensis is decidedly heterogeneous. Studies to assess the genetic diversity of C. sinensis 

through the incorporation of biochemical (metabolite) markers (Das et al., 2013), 

morphological markers (Chen et al., 2007), and molecular markers (Kaundun and Park, 2002) 

have been conducted. A lot of these characteristics have, however, been documented to 

possess continuous variation, with the environment impacting them predominantly, making it 

difficult to identify robust markers required for genotyping (Ariyarathna and Gunasekare, 

2007). 

1.13.1 Biochemical/metabolite markers 

The existing multiplicity found in C. sinensis cultivar varieties has efficiently been 

ascertained through the use of metabolite markers, such as anthocyanins, caffeine, catechins, 

and theanine (Li  et al., 2013). These biochemical markers are easily influenced by 

environmental factors, with particular interest being on the plantôs stage of development at 

the time of exposure to these environmental factors (Das et al., 2013). 

1.13.2 Morphological markers 

Due to the fact that morphological traits relate on a one to one basis with the genes regulating 

them, these markers can serve as reliable gene indicators. Literature has documented that a 

majority of morphological markers are a result of mutations (Waycott et al., 1999). Due to 

the restricted availability of genetic mutants, the use of morphological markers in breeding 

has not been extensive (Worland et al., 1987). Morphological markers have been documented 

to be impacted by environmental stresses, and have shown a continuous variation, making it 

challenging to ascertain distinct taxonomic clusters based on morphological markers (Koech 

et al., 2018). 

1.13.3 Molecular markers 

The employment of molecular markers in crop breeding for favourable agronomic 

characteristics presents breeders with improved opportunities to attain even those traits 

considered problematic to assess through the use of biochemical, and morphological markers. 
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Molecular markers, unlike the biochemical or morphological, are plenty, and are least 

impacted by environmental stresses (Singh et al., 2013a). Furthermore, molecular markers 

offer an effective, ancillary option for differentiating intra- and or inter-specific germplasm 

differences, and in so doing, serving as an indispensable tea breeding instrument (Ni et al., 

2008). Based on how they are detected, molecular markers can be categorised into three 

categories, namely DNA sequence based, hybridisation based, and polymerase chain reaction 

(PCR) based (Angaji, 2011). In a study by Kamunya et al., (2009), C. sinensis DNA 

molecular markers were investigated in cultivars that are known to have a tolerance for 

drought, cold temperatures, and diseases. In a follow up study, it was ascertained that these 

markers also serve as indicators for cultivars that will be high yielding and will produce high 

quality tea liquor (Kamunya et al., 2010). Investigations have also been conducted on 

Chinary cultivars, by studying the catechin regulatory DNA molecular markers in green tea 

for MAS breeding (Ma et al., 2014). The use of molecular markers has been documented as a 

valuable and adequate tool for characterising and discriminating between C. sinensis varieties 

(Kaundun and Matsumoto, 2003b). 

1.13.4 Diversity array technology 

Diversity Array Technology (DArT) has, according to (Jaccoud et al., 2001), been defined as 

ña high throughput microarray hybridisation based method involving the isolation and 

cloning of randomised DNA fragments from complexity-reduced DNA sample.ò DArT 

provides a homogeneous, high throughput genotyping, which allows for thousands of 

molecular markers from thousands of samples to be concurrently assayed, without any 

preceding sequence information (Wittenberg et al., 2005). The use of DArT has yielded 

outstanding results in diversity and phylogenetic studies (Steane et al., 2011), and genomic 

linkage mapping and selection (Poland et al., 2012; Schouten et al., 2012). Studies on crops 

with multifaceted genomes i.e. apple (Larsen et al., 2018) lemons and oranges (Sagawa et al., 

2018), strawberry (Vallarino et al., 2019), sugarcane (Grzebelus, 2015), wheat (Baloch et al., 

2017), have documented the successful application of DArT markers. These DArT markers 

serve as improved alternatives to the presently employed techniques, which include 

restriction fragment length polymorphism, amplified fragment length polymorphism, simple 

sequence repeats, and single nucleotide polymorphisms, especially regarding costs and the 

promptness of marker discovery and whole-genome fingerprint analysis. This technique is 

cost efficient, non-gel dependent technology that is acquiescent with high throughput 

mechanisation and the detection of superior markers in a single assay (Figure 1.12). 
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Figure 1.12: Diagrammatic representation of the DArT principle (Koech et al., 2018). 

1.13.5 Quantitative trait loci (QTL) 

Polygenes are the genes responsible for controlling numerous significant crop traits, 

including abiotic and biotic stress tolerance, quality, and yield. Analysing QTLs involves 

detecting linkages between the genotype markers and the resultant phenotype of the progeny 

assessed for the trait interested in (Collard et al., 2005). The relationship between the marker 

and the QTL is indicated by the difference (significant) between average values of the traits 

of interest and the genotype of their markers (Miles and Wayne, 2008). The analysis of QTLs 

furnishes information regarding the nature of each QTL, its position on the chromosome and 

its function. Molecular markers have been efficaciously employed in researching quantitative 

inheritance in crops (Agarwal et al., 2008), such as in tomato, where QTL research resulted 

in the development of cold tolerant, and insect resistant progeny (Grandillo and Cammareri, 

2016), and in wild barley (Elberse et al., 2004), while (Ma et al., 2014) documented markers 

significantly connected with C. sinensis. Metabolomics allows for functional gene mining in 

metabolic networks integrated with both genomics and transcriptomics. Metabolite 

quantitative trait loci (mQTLs) furnish information regarding genotypic and phenotypic 

associations, for mining and validating possible functional genes. Through the employment 

of this stratagem by (Kato et al., 2000), the genes which encode for the enzyme caffeine 

synthase, were cloned, bringing with it an opportunity for tea breeders to develop naturally 

low caffeine content cultivars. In another study, three genes responsible for nitrogen 

utilisation regulation were identified in two C. sinensis cultivars. These genes were also 



22 

 

found to encode for the enzymes which control the caffeine, catechin metabolic pathways in 

the C. sinensis plant. It was, however, unfortunate that the majority of these were candidate 

genes, which lacked validation by the transcriptome instead of the genome. Furthermore, the 

absence of established transgenosis and tissue culture limits the transformation system in C. 

sinensis. This is, however, a way of quickly identifying other unknown functional genes 

linked to metabolism, by combining metabolomics with molecular markers (Li et al., 2017). 

1.14 Challenges faced in genomic selection 

When the application of genomic selection is being considered, one important consideration 

to be taken into account is the interaction between the genotype and the environment (GxE). 

The application of genomic selection in wheat grain yields totalling 599 lines under four 

different environments, each analysed by cross-validation, established an accuracy variation 

of between 0.44 and 0.6 across the environments. Moreover, the study results revealed a 

significant difference in the accuracy of maize grain yield, ranging between 0.41 and 0.52 

under wet and drought conditions (Crossa et al., 2010). In a follow up study with additional 

environments, it was confirmed that different environments significantly affect the accuracy 

of the genomic selection results (Crossa et al., 2011). Furthermore, another study employed 

genomic selection on pines possessing a comparable number of clonal individuals and 

markers. These clonal individuals were spread across four locations; it was established that 

the equation generated from results obtained at any one of the locations served as a good 

predictor, approximating an accuracy of 0.7 within site, and decreasing across the sites 

(Resende Jr et al., 2012). This indicates that GxE interactions significantly influence the 

accuracy of genomic selection, even within identical clones exposed to varying 

environments. As such, it is crucial that the impact of the environment be taken into account 

when developing genomic prediction models. 

1.15 Plant metabolomics 

According to Hamanishi et al., (2015) when plants are exposed to abiotic stress, this results in 

the disruption of the plantôs metabolic pathways, to facilitate the plantôs survival; they have 

developed inestimable drought response stratagems (Ogbaga et al., 2014). Crop breeders are 

continuously seeking knowledge and understanding of the mechanisms employed by crops to 

survive in drought stricken and salinised environments (Nyarukowa et al., 2016). These 

adaptive response processes involve regulatory activation of multiple genes, which in turn 

activates subsequent metabolic pathways. Studies on drought stressed plants have been 
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conducted, revealing the significance of metabolic regulation, such as a build-up of osmolytes 

as a response (Slama et al., 2015). Osmolytes such as betaine, mannitol, proline, and 

trehalose are produced under hyperosmotic stress (Weckwerth et al., 2004). In addition to 

inducing osmolyte syntheses to maintain turgor through osmotic adjustment (Arbona et al., 

2013), these metabolites also serve to stabilise protein conformations, while diminishing 

protein-solvent interactions, and facilitating the repair of damaged tissues (Ruan and Teixeira 

da Silva, 2011). Glucosinolates are metabolites rich in nitrogen and sulphur, and are 

biosynthesised from leucine, methionine, phenylalanine, tryptophan, tyrosine, and or valine 

(Arbona et al., 2013). Bound to glucosinolateôs side chains are a ɓ-thioglucosyl, and a 

hydroxyaminosulphate residue; these have been associated with the defence mechanisms 

plants employ against abiotic stresses such as drought. The enzyme myrosinase cleaves the ɓ-

thioglycosidic bond on the ɓ-thioglucosyl residue, giving isothiocyanates, nitriles, and 

thiocyanates (Zandalinas et al., 2012). These are then conjugated with intracellular 

glutathionè resulting in the glucosinolatesô bioactivity (Keum et al., 2005). 

Phytometabolomics is the study of plant metabolic profiling, which encompasses the 

qualitatively and quantitatively analysis of metabolites to better comprehend their metabolic 

responses under abiotic and biotic stress (Schauer and Fernie, 2006). Comprehending the 

desiccation response metabolome assists in ascertaining steps involved in the signal 

transduction pathways (Urano et al., 2009). Metabolic profiling commenced as a diagnostics 

tool to ascertain herbicide mode of action, and has since grown to include functions such as 

determining the differences between genetically modified and conservative crops, and 

genotyping them to discover new genes (Hagel and Facchini, 2008). Figure 1.13 below shows 

a typical metabolomics workflow: 
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Figure 1.13: A metabolomics workflow documenting steps involved in a metabolomics study (Jiang et al., 

2019). 
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Metabolomics is a post-genomics technique, which explores the link between genes and 

metabolic networks, by comprehensively investigating the numerous metabolites found in 

plants (Jiang et al., 2019). The key to metabolomics research is the employment of analytic 

tools to comprehensively analyse metabolites. Holistic metabolic profiles have been obtained 

from intricate animal and plant samples, using high resolution, information-rich powerful 

spectrometric techniques. Liquid chromatography coupled with mass spectrometry (LC-MS), 

due to its advancements within the field, is a central technique in metabolomics research 

(Khan and Mukhtar, 2007), with it being used predominantly in differential profiling and 

biomarker identification (Theodoridis et al., 2012). At present, direct injection mass 

spectrometry (DIMS), Fourier transform infrared spectroscopy (FTIR), and nuclear magnetic 

resonance (NMR), are mostly used in plant metabolomics research. Gas chromatography 

(GC)-MS is another preferred technique employed in plant metabolomics for terpenoid (Chen 

et al., 2003) and several other volatile analysis (Tikunov et al., 2005). The main disadvantage 

with GC is its restriction to small volatile biomolecules, meaning it cannot be employed to 

analyse biomolecules possessing a larger molecular weight i.e. proteins. LC-MS has enjoyed 

a steady growth over the years, as the metabolomics technique of choice due to its high 

throughput, soft ionisation, and extensive metabolite coverage (Zhou et al., 2012). 

Metabolomics analyses can either employ a targeted or an untargeted approach. The objective 

of the targeted approach is the identification and quantification of specific metabolites for 

which pure standards exist to confirm the identities of the metabolites detected in the samples 

i.e. the chemical properties of the metabolites under investigation are known. Targeted 

metabolomics is customarily hypothesis driven, while untargeted metabolomics leads to the 

formation of a new hypothesis, which involves assessing all the metabolites in a biological 

system (Zhou et al., 2012). By combining 1.17, LC-MS, and NMR data, a comprehensive 

picture of a plant metabolome is obtained. As a result of the increase in plant metabolomics 

techniques, using non-targeted approaches is now a favourable option for the identification 

and quantification of hundreds of metabolites, giving an extensive insight into the samples 

metabolite profiles e.g. tea (Fraser et al., 2012). LC-MS has been established as predominant 

favourite targeted profiling technique especially for plant metabolomics studies; LC-MS-

based metabolomics depends on numerous analytical, computational, and experimental steps 

(Zhou et al., 2012). When employed as the analytical tool, LC-MS produces mass spectral 

peak lists, which after being aligned to their respective samples, are related with multivariate 

statistics, resulting in spectral feature identification. 
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No single technique adequately detects, identifies, and quantifies all metabolites in animal or 

plant samples. It is for that reason that the abovementioned metabolomics platforms are to be 

used in combination to encompass a majority of them. Hybridising GC, and LC-MS with 

NMR has been documented to result in the most favourable ascertainment of a sampleôs 

metabolite profile (Ward et al., 2007). The field of metabolomics research has significantly 

grown over the last decade from approximately 6 000 publications in the year 2008, to 22 000 

in the year 2018. This is shown in Figure 1.14 below. 

 

Figure 1.14: Number of publications on metabolomics from 2001 to 2018. 
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1.16 Statistical analysis 

In metabolomics, uni- and multivariate statistical techniques are used in combination to help 

pinpoint relevant variation (e.g. between groups of interest) in datasets that are often large 

and high-dimensional. The univariate statistical tool used here was the t-test with resulting p-

value and associated effect size. Two multivariate approaches were included, principal 

component analysis (PCA), and partial least squares discriminant analysis (PLS-DA). PCA is 

an unsupervised, projection technique that makes it possible to view large datasets by 

summarising variation through projection onto fewer dimensions. The separation between the 

classes provides a measure of validation for PLS-DA, which is prone to overfit. PLS-DA is a 

supervised technique used to identify combinations of variables that can distinguish between 

classes of samples. 

Logistic regression (LR) is a statistical analysis tool generally suitable for testing hypotheses 

regarding connections between categorical outcome variables and continuous predictor 

variables. LR solves problems that cannot be solved by simple linear regression, such as any 

occurring errors that are not normally distributed or are not constant throughout the data 

range (Peng et al., 2002). Contrasting from discriminant analysis, LR does not make the 

assumption that the predictor variables possess equal covariance matrices, and that these are 

normally distributed. It instead makes the assumption that the distributions of any errors 

equalling the true Y value subtracting the predicted Y value are described by the binomial 

distribution. This implies an identical probability is maintained across the range of predictor 

values. This binomial assumption is therefore easily testable using a Z-test (Siegel and 

Castellan, 1956). LR may be considered robust, provided the samples are random; in so doing 

this ensures the observations remain independent of one another (Peng et al., 2002). Another 

useful statistical analysis approach is making use of decision trees, which are created through 

the use of partition algorithms. These algorithms employ the links between predictors and 

their corresponding responses, and recursively partition the data, splitting predictors until the 

desired prediction response is obtained. Through these repeated data partitions, a decision 

tree is formed. By choosing the best splits from an infinite number of possibilities, the 

partition algorithm makes the decision trees a powerful modelling tool. Predictors are either 

continuous or categorical; where continuous, the partitions are a result of a cut off value, with 

sample values falling above and below this cut off value. If, on the other hand, the predictor 

is categorical, the samples will be split into two levels (JMP®). The decision tree identifies 

independent variables with a significant relationship to the dependent variable and evaluates 
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the continuous variablesô interval breaks to identify the most ideal combination. The 

independent variable possessing the sturdiest relationship with the dependent variable then 

becomes the decision treeôs first branch; each significantly different category, relative to the 

target variable becomes the leaf. This is continually done to identify each leafôs significant 

predictor variable until predictors are exhausted (Thomas and Galambos, 2004). Violin plots 

are a statistical method considered to be a combination of the box plot and a kernel density 

plot, which are used for plotting numeric data. The violin plot contains the same information 

as would be found in a box plot, but have the indisputable advantage over the box plot in that 

they show the entire data distribution, which is beneficial when working with multimodal 

data i.e. distribution with several peaks (Hintze and Nelson, 1998).  

  

https://en.wikipedia.org/wiki/Box_plot
https://en.wikipedia.org/wiki/Kernel_density_estimation
https://en.wikipedia.org/wiki/Kernel_density_estimation
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1.17 PROBLEM STATEMENT  

The polyphenolic metabolites have served as the principal tea quality indicators for a long 

time. A positive correlation between theaflavin content and tea price has been reported in 

Kenyan teas (Obanda et al., 2001), while cultivars obtained from Central Africa 

demonstrated a significant correlation between theaflavin content and tea price (Hilton and 

Ellis, 1972).Caffeine, theaflavins, thearubigins, and several minor flavour related volatile 

compounds are all contributory to the resultant quality of tea liquor obtained (Owuor et al., 

2006a), and these are under the control of multiple genes called QTLs. Using conservative 

approaches for genetic enhancement of the tea plant i.e. increasing caffeine, theaflavins, 

thearubigins content, has proven laborious and time-consuming, especially since C. sinensis 

is out-crossed and highly self-incompatible (Wachira and Kamunya, 2005), has a low seed 

production count and the overall lack of available genetic markers. Employing QTLs for 

certain key agronomic traits can help to select tea cultivars with the desired traits at an early 

stage of plant growth, especially since tea is a woody plant, and using conservative breeding 

approaches may bring about delays due to tea having a long juvenile phase of between 22-25 

years. When the application of genomic selection is being considered, one important 

consideration is the interaction between the GxE. GxE interactions have been shown to 

influence the accuracy of genomic selection, even within identical clones exposed to varying 

environments. The impact of the environment should be considered when developing 

genomic prediction models. Phytometabolomics, the study of plant metabolic profiling, 

which encompasses the qualitatively and quantitatively analysis of metabolites to better 

comprehend their metabolic responses under abiotic and biotic stress may explore the link 

between genes and metabolic networks, by comprehensively investigating the numerous 

metabolites found in plants. Tea is the most consumed beverage, second to water, and is 

therefore an important commodity. With the environmental changes being brought about by 

global warming, it has become the most important objective to tea breeders to develop tea 

cultivars with the potential of producing high yields, which are drought tolerant and 

essentially produce high quality green and or black teas. Caffeine, catechins, theaflavins, and 

thearubigins are major determining factors of tea quality, and are yet to be subjected to QTL 

analysis. This study seeks to, using metabolomics, identify and map out markers associated 

with QTLs for quality determinants, and to use these to develop predictive models to assist 

tea breeders in new tea cultivar selections. 
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1.18 RESEARCH OBJECTIVE  

The main objective of this study was to identify and validate the biochemical and molecular 

markers linked to yield, drought tolerance, and quality traits of black tea.  

First, this study prioritised the replanting schedule of seedling tea fields on estates commonly 

subjected to drought by developing a sampling method and estimating drought susceptibility 

using the SWAPDT method, this being done in the absence of historical in-filling records. 

Second, this study identified putative QTLs associated with amino acids, caffeine, catechins, 

organoleptic evaluation and %RWC, using DArTseq markers, GC-MS, 1H-NMR and UPLC 

platforms, to construct genetic linkage maps for MAS in tea breeding.  

Third, this study made use of metabolomics generated data to identify differently expressed 

metabolites in the two groups of cultivars, following which these metabolites would be used 

to develop predictive models to classify the 310 genotypes as either Commercial or 

NonCommercial cultivars. The best model would be used in new field selections. 

The thesis is organised into the following chapters:  
 

Chapter 1: Literature review  

Chapter 2: Prioritising the replanting schedule of seedling tea fields on tea estates for 

drought susceptibility measured by the SWAPDT method in the absence of historical 

in-filling records  

Due to the unpredictable natural droughts that occur, causing tea farmers significant losses in 

tea estates, a two-day method for distinguishing drought tolerant (DT) from drought 

susceptible (DS) Camellia sinensis cultivars was developed. The findings suggest that where 

historical in-filling records are not available this method may be used to prioritise fields for 

replanting. 

Chapter 3: Identification of QTLôs responsible for yield, drought tolerance and quality 

traits in Camellia sinensis using GC-MS, 1H-NMR and UPLC 

Tea consumers concern themselves with the quality of tea. The breeding for these high 

yielding, DT, high quality phenotypic traits is challenging due to the fact that these are 

qualitative traits inherited from parents, and influenced by environment. Through the use of 

molecular markers to identify gene regions linked with the phenotypic traits of interest, 

marker-assisted selection may be employed to select high yielding, DT and high quality tea 

cultivars. The putative QTLs involved in identifying these traits of interest in tea based on 

DArTseq markers reveals the proteins, and possible enzymes linked to the traits of interest.  
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Chapter 4: Models for identification of elite mother bushes with high black tea 

commercial potential from mature seedling fields of Camellia sinensis 

The quality of tea is undeniably affected by variations in its metabolite composition. Tea 

producers are in demand of new cultivars, which produce high quality tea liquors. This 

chapter involved the careful study of metabolites influencing tea quality using metabolomics. 

GC-MS, LC-MS, 1H-NMR, and UPLC-DAD platforms were used. Logistic regression 

models were developed to find variables capable of classifying the 310 genotypes as either 

Commercial or NonCommercial cultivars. 

Chapter 5: Concluding discussion and recommendation.  

1.19 RESEARCH OUTPUTS  

1. Peer-reviewed paper (Appendix 2.1): Nyarukowa C. T., Koech K. R., Loots T., 

Hageman J., and Apostolides Z (2018). Prioritising the replanting schedule of seedling 

tea fields on tea estates for drought susceptibility measured by the SWAPDT method 

in the absence of historical in-filling records. Journal of Agricultural Science 10 (7): 

26-34. 

 2. Peer-reviewed paper (Appendix 4.1): Nyarukowa CT., van Reenen M., Koech RK, 

Kamunya SM., Mose R., and Apostolides Z. Multivariate models for identification of 

elite mother bushes with high commercial potential for black tea from mature seedling 

fields of Camellia sinensis. International Journal of Research in Agronomy Vol. 4, 

No. 1 (2020).  

3. Conference: Nyarukowa C. T., Koech K. R., Loots T., and Apostolides Z (July 

2018). SWAPDT: A method for Short-time Withering Assessment of Probability for 

Drought Tolerance in Camellia sinensis validated by targeted metabolomics. Invited 

poster presentation. The 26th South African Society of Biochemistry and Molecular 

Biology (SASBMB) conference held in conjunction with the Federation of African 

Societies of Biochemistry and Molecular Biology (FASBMB), North-West University 

(NWU), Potchefstroom, South Africa.  

3. Conference: Nyarukowa, C., Koech, R., Loots, T. & Apostolides, Z. (August 2018). 

SWAPDT: A method for Short-time Withering Assessment of Probability for Drought 

Tolerance in Camellia sinensis validated by targeted metabolomics. Presented at the 

15th ACGT Regional Plant Biotechnology Forum on ñPlant Genomes: From Plants to 

Networksò, University of the Witwatersrand, Johannesburg, South Africa. 
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12. CHAPTER 2 

PRIORITISING THE REPLANTING SCHEDULE OF SEEDLING TEA FIELDS ON 

TEA ESTATES FOR DROUGHT SUSCEPTIBILITY MEASURED BY THE 

SWAPDT METHOD IN THE ABSENCE OF HISTORICAL IN -FILLING RECORDS  

ABSTRACT 

Due to the unpredictable natural droughts that occur, causing tea farmers significant losses in 

tea estates, a two-day method for distinguishing between drought tolerant (DT) and drought 

susceptible (DS) Camellia sinensis cultivars was developed. This work was based on known 

cultivars developed at the Tea Research Institute in Kenya and the Tea Research Foundation 

for Central Africa in Malawi. This paper contains an in-depth description of the application 

of the Short-time Withering Assessment of Probability for Drought Tolerance (SWAPDT) 

method on four 60-year old, C. sinensis seedling fields in Kenya. The in-filling  history of the 

four fields due to drought-related deaths was obtained from historical records. The SWAPDT 

method scores correlated well with the historical records. It has been indicated, from the 

results obtained in this study, that a sample size of 20 tea trees is sufficient to accurately 

determine the drought susceptibility of a large tea field of approximately 5 - 20 hectares, 

containing 50 000 - 200 000 tea trees, were the difference between the fieldsô mean values, as 

measured by the SWAPDT method, is approximately 10%. 
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2.1 INTRODUCTION 

Tea made from the leaves of C. sinensis, as green or black tea, has been drunk as a mild 

stimulant due to the caffeine content, since time immemorial (Ellis and Nyirenda, 1995). Tea 

consumption has increased in recent years, due to the health-promoting effects associated 

with its high polyphenol content (Preedy, 2012). C. sinensis is cultivated in over 52 countries 

around the world. Global world trade is approximately 78% by value in the form of black, 

20% as green and 2% as oolong tea (Nyarukowa et al., 2016). It is an important cash crop for 

countries such as India and China; in Africa alone, several countries produce tea, namely in 

Kenya, which is currently ranked third behind Sri Lanka and India with regards to annual 

production and export of black tea (Chang, 2015), Malawi, Uganda, Tanzania, Zimbabwe, 

Rwanda, South Africa, Burundi and Mauritius.C. sinensis tea estates need to be replanted 

every 20 - 90 years to maintain high yields. Tea estates are planted in sample blocks of about 

5 - 20 hectares, at 10 000 trees per hectare, with seeds from the same batch. Most tea estates 

in Africa are planted with tea seeds procured from tea-baries (orchards) in India or Sri 

Lanka.  The seed selection criteria employed focused on yield and neglected to consider 

drought tolerance (Murakami et al., 1999). During severe natural droughts, some of the trees 

(5 ï 15%) die and are replaced with new trees. Tea planters refer to this process as ñin-

fillingò. Most estates keep good records of the in-filling,  and hence good and poor fields are 

easily identified. However, sometimes these records are missing, and a new method is 

required to determine the drought tolerance of a tea field that might be 20 - 90 years old 

(Willson and Clifford, 2012).  

Tea producers demand new cultivars which are DT, to reduce crop losses. In the coffee 

industry, farmers are faced with the problem of dealing with coffee rust. How they deal with 

this is by assessing and analysing the risk of an epidemic by considering the regionôs 

characteristics such as climate, soils, crop management patterns, namely shade management, 

etc. (DaMatta, 2004). This assessment approach has been adopted from studies conducted in 

West Africa on groundnuts (Avelino et al., 2004) as well as on work conducted by (Savary et 

al., 2000) on tropical Asian rice. As a result of this, tea farmers are also looking for an 

inexpensive yet effective method of determining which sample blocks of tea have a high 

percentage of DS plants so that these sample blocks may be prioritised for replanting. The 

samples in this study were collected from the James Finlayôs estate in Kericho, Kenya which 

together with surrounding estates (Figure 2.1) produces 23 million kilograms of tea annually. 
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This part of Kenya enjoys deep rich loam soils, which are high in organic content and 

combined with the perfect climate and environment are ideal for high yields of good quality 

tea (http://www.finlays.net). In Nyarukowa et al., (2016), a novel logistics probability 

formula was developed, which can be used to calculate a new cultivarôs probability to be DT 

after employing the SWAPDT method. The aim of this study was to determine how many tea 

trees are needed per field to obtain a representative sample of the tea field so that tea fields 

can be prioritised for replanting. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Tea growing areas in Kenya (Kenya Tea Development Agency). 

http://blog.dominiontea.com/2014/03/27/kenyan-tea-industry/ 

2.2 STATISTICAL ANALYSIS 

2.2.1 Spatial regression Modelling 

Spatial regression models have been widely employed in biological science disciplines. 

Central to spatial analysis and quantitative geography, has been the study of methods that 

specify and fit spatial regression models (Bivand et al., 2013). Spatial autocorrelation is the 

similarity or dissimilarity of two values of a feature spatially near one another. As such, a 

positive spatial autocorrelation value signifies that the values of a particular feature cluster 

spatially while a negative spatial autocorrelation signifies that the locations of said feature are 

encompassed by neighbours with varying values (Anselin, 1990). According to (Cressie, 

http://www.finlays.net/
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1993), spatial data analysis may be classified as point data analysis, lattice data analysis, or 

geo-statistics; each consists of its own unique objectives and approaches. Point data analysis 

focuses on ascertaining spatial patterns involved in e.g. cluster formation as aberrations from 

complete randomness. Lattice data analysis on the other hand looks at the spatial pattern of a 

particular feature on a regular or irregular spatial lattice perceived at the grid points, the 

purpose of which is to calculate the spatial pattern by using a pre-determined ñneighbourhood 

structureò to observe the associations between the feature of interest and those expository 

variables whilst factoring for spatial effects. Lastly, geo-statistical data refers to spatial data 

collected at points continuous in space. Geo-statistics shares similarities with lattice data 

analysis, differing only in that geo-statistics has the further objective of predicting values of 

the feature of interest at locations not yet sampled (Chi et al., 2008). Furthermore, geo-

statistics is distinguished from lattice data analysis in that geo-statistics employs distance 

based functions instead of ñneighbourhood structuresò (as is the case with lattice data 

analysis) to denote spatial autocorrelation (Bailey and Gatrell, 1995).  

2.2.2 Contour Maps: construction and application 

Contour mapping can be used for in-network aggregation schemes, in the presentation of 

holistic networking of temporal and spatial domains while functioning as a diagnostic tool for 

the detection of faulty sensors. Contours may be representative of several occurrences e.g. 

temperature, altitude, etc. Furthermore, altitude and temperature contours may overlap within 

a single map. Though the contour maps concept is both simple and well documented, the 

construction of these maps is however quite exigent, particularly in a sensor network 

environment. Spatial suppression serves to take advantage of the correlation between 

neighbouring sensors whenever a particular occurrence takes place. When there is e.g. an 

unexpected temperature change, each sensor (µ) in the shared vicinity of this occurrence 

determines whether or not it should transmit its reading to the data collection centre, the sink. 

In instances where the magnitude difference between µ and the reading from another sensor 

is less than a pre-determined threshold value i.e. ɓ, Õ suppresses its report; sensor readings 

are not reported if the observed values changes over time are not significant. However, to 

permit outlier detection, sensors detecting such disparities, transmit this data to the sink, even 

if they ordinarily would not. This then aids the sink in accurately detecting outliers. The sinks 

then make use of this data of the terrain to precisely recreate contour maps taking into 
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account the sensor field as well as the positioning of these sensors, ensuring accurate 

detection and interpolation of outliers (Meng et al., 2006). 

2.2.3 Moran I Test Statistics 

The most popular spatial correlation test is based on the Moran I test statistic. This test is in a 

normalised quadratic form, with regards to the variables being tested for spatial correlation 

(Kelejian and Prucha, 2010). It measures the degree of linear association between the feature 

of interest (y) at a specific position and the average of the feature at its neighbouring 

positions (Wy); it can be construed as the regression slope of (y) on (Wy) (Pacheco and 

Tyrrell, 2002). The Moran I test statistic functions to test that the spatial autocorrelation of a 

variable in the null hypothesis is zero. Upon the rejection of the null hypothesis, the variable 

will be deemed to be spatially auto-correlated (Ord and Getis, 1995). The Monte-Carlo test 

can be employed to solve spatial distribution problems involving spatial point pattern, pattern 

similarity, space-time interaction and scales of pattern. The Monte Carlo test can also be 

employed when dealing with a null hypothesis, Ho, and a corresponding dataset, in which the 

value u1 of a selected test statistic, u, is ranked amongst a set of analogous values generated 

by randomly sampling from the null distribution of u. The rank of the test statistic u1, when 

the u distribution is continuous amongst the set of values {ui: i = 1,...,m} enables the 

determination of the exact significance level for the test (Besag and Diggle, 1977).  The 

ordinary linear regression model is amongst the most useful statistical methods employed in 

spatial analysis to identify relationships between variables is (Mei et al., 2004). In this 

technique, the dependent variable, y, is modelled as a linear function of a set of independent 

variables x1, x2,.::,xp. Based on n observations ( yi; xi1, xi2, .::, xip ), (i = 1, 2,.::, n), from a 

study region, the model can be expressed as: 

ώ ‍ В ‍ὼ   ‭ȟ       (1) 

where ‍ȟ‍, .::, ‍ are parameters, and ‭, ‭, .::, ‭ are error terms assumed to be normally 

distributed, random, independent variables (Mei et al., 2004). 

Determining a studyôs sample size requires a compromise, which balances power, economy, 

and timeliness (Dupont and Plummer Jr, 1990). Researchers must define the sample size, 

power, and hypotheses for their study and to effectively do this, they require software 

programs that can calculate the missing parameter when given any two of the preceding three 

parameters. These programs compute the sample size required to identify, using a specified 
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power, e.g. the difference in efficacy of a particular treatment, the power this difference is 

detectable with given sample size, and the detectable difference with particular power and 

sample size. The link between the power and its corresponding sample size is best seen by 

plotting the power curve as a function of the parameter of interest (Kelsey et al., 1986). 

The Student's t-test was used to calculate the probability (p) that the two samples belong to 

the same population. When p < 0.05, there is a 95% certainty that the two samples belong to 

different populations. The Standard Error of the Mean (SEM) is an inferential statistic that 

can be used to draw error bars on histograms to visually estimate the p-value. When the 

sample size (n) > 10, and the gap between the SEM error bars > SEM1 + SEM2, we can be 

99% confident that the samples are from two different populations (Cumming et al., 2007). 

The MANOVA method may also be used to compare multiple fields with each other, and the 

three methods are expected to produce similar results (Keselman et al., 1998). Oneway 

analysis using JMP Pro 13 generates ñmean diamondsò, which illustrate both the sample 

mean and confidence interval. The top and bottom of each diamond represent the (1 - Ŭ) x 

100 confidence interval for each group. The confidence interval computation assumes that the 

variances are equal across observations, and as such the height of each diamond is 

proportional to the reciprocal of the square root of the number of observations within the 

group. The mean line across the middle of each diamond represents the group mean, while 

the overlap marks appear as lines above and below the group mean. In instances where 

groups have equal sample sizes, these overlapping marks indicate that the two group means 

are not significantly different at the given confidence level. Where the mean in one diamond 

is between the overlap marks of another diamond, this indicates that these two groups are not 

significantly different at that confidence level (JMP®). 
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2.2.4 Mann-Whitney test 

When a study, such as this one, possesses two groups originating from normally distributed 

populations, it must be ascertained whether or not these groups are from the same populations 

i.e. whether there is a significant difference between the mean values of each group. Where 

no prior knowledge of the distribution exists, the Mann-Whitney test is useful especially in 

instances where behavioural effects are being observed (Baldino et al., 1979). In medical 

research, it is commonly used to contrast the outcomes in patient treatments, in non-

randomised groups, where the data is continuously distributed and skewed (Fagerland and 

Sandvik, 2009). This test is often employed as a t-test alternative; it assumes that the data 

consists of randomised, independent samples from two populations possessing similar shape, 

as shown in Figure 2.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Two distributions with different medians but similar shape and spread. The top figure has a 

distribution skewed 0.75 units to the right, meaning the medians will be different by 0.75 units, whilst both 

figures maintain identical shapes. 
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In cases where the sample size is large, the Mann-Whitney test is capable of detecting 

differences in the sample spread, regardless of the similarity of the medians. The 

dissimilarities observed in population medians tend to be accompanied by further shape and 

spread differences; the median differences are however not always the most important. Figure 

2.3 elaborates on this. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Two distributions with differing median values (0.65 and 1.14 units) and shapes.The distribution 

showing the larger median also possesses the bigger spread.   
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2.3 RESEARCH OBJECTIVE 

The objective of this study was to prioritise the replanting schedule of seedling tea fields on 

estates commonly subjected to drought by developing a sampling method and ascertaining 

drought susceptibility using the SWAPDT method, all of this being done in the absence of 

historical in-filling records. 

2.4 HYPOTHESES 

Alternative hypothesis (H1): There will be a statistically significant difference in the 

%relative water content (RWC), between the historically ñgoodò and ñpoorò fields, at the 

95% level of confidence. 

Null hypothesis (H0): There will be no statistically significant difference in the %RWC, 

between the historically ñgoodò and ñpoorò fields, at the 95% level of confidence.  
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2.5 MATERIALS AND METHODS 

2.5.1 Sample Collection 

The field work was conducted on the Kaproret tea estate in Kericho, Kenya, with latitude: 0° 

22' 3.86" N and longitude: 35° 16' 59.30" E, during January and February of 2017. Based on 

historical in-filling records, two good fields, fields 12A and 12B, with fewer in-fillings due-

to-deaths-by-drought and two poor fields, 13A and 13B, with higher in-fillings due-to-deaths-

by-drought were selected. The good fields were those fields with more drought tolerant 

plants/ less deaths due to drought, while the poor fields were those fields with more deaths 

due to drought. These fields were approximately 1200 m apart. The fields were planted from 

different batches of seeds obtained from Assam, in 1954 and 1956 respectively. They were in 

the same prune year, receiving the same fertiliser regimen, under rainfed conditions. The 

longitude and latitude coordinates for field 12A and 12B are 35º 14.75' E, 0º 26' S and for 

field 13A and 13B are 35º 15.05' E, 0º 26.6' S and at an altitude of 2180 m above mean sea 

level. These fields were located in regions that have high humidity, fair temperatures and 

acidic soils. Samples were collected using a ñpoint-intercept within a quadrat methodò, in 

which a 100 m X 100 m quadrat was set up in the middle of each field. The starting point of 

the sampling was noted as point (0,0). Each quadrat consisted of intersecting lines along ten 

meter by ten meter pre-determined points on the transect line. This essentially gave ten rows 

along the ñx-axisò and ten rows along the ñy-axisò. At each intersecting point, three shoots of 

two leaves and a bud were harvested from each tree and placed in zip-lock plastic bags. A 

total of 400 samples were collected, 100 from each of the two good and two poor fields. 

Following sample collection, the leaves were transported to the Tea Research Institute 

laboratory, with the zip-locked plastic bags placed in an insulated box on ice. The samples 

were then subjected to the SWAPDT method as discussed in Nyarukowa et al., (2016) to 

determine the RWC of the leaves from each field. The SWAPDT method is an inexpensive 

and practical method developed for the prediction of DT tea cultivars. The rate of RWC loss 

between the DT and DS cultivars was evaluated by immersing three shoots with two leaves 

and a bud from a single bush under investigation in 20 ml of distilled water at room 

temperature and weighed after 24 hours. These turgid leaves were then blot dried and 

weighed before being oven dried at 37ęC and weighed after five hours when their RWC is 

between 40 - 80%. The leaves were again placed in water for 24 hours, and then weighed, 

and oven dried at 105ęC for 24 hours to obtain each leafôs dry weight. 
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2.5.2 Statistical Analysis 

The data collected on the four fields, were tested for spatial homogeneity. In the case of field 

13B, spatial dependence was detected, as provided by (Bivand et al., 2011). A spatial 

simultaneous autoregressive error model was fitted to the data of field 13B, to predict and 

consequently remove the spatial signal. This was done using the ñspdepò package. Using the 

one-sided Mann-Whitney test, it was established that Fields 12A and 12B, and 13A and 13B 

were respectively similar, but that the two groups differ significantly from one another.  A 

Monte-Carlo permutation test approach was then employed, using the p-value of the one-

sided Mann-Whitney test as test statistic, applied to comparisons between Fields 12A and 

13A, 12A and 13B, 12B and 13A, and 12B and 13B. One thousand repetitions of this test 

were performed at decreasing sample sizes, to construct an empirical distribution of the p-

value for each sample size.  The empirical quantile at which 0.05 and 0.01 was observed was 

recorded.  As the sample sizes decreased, the stability of the Mann-Whitney test decreased, as 

could be seen by the quantiles which usually lead to the rejection of the null hypothesis now 

moving away from the right-tail of the empirical distribution.  The minimum required sample 

size was set at the level just before the empirical quantile dropped below the required 

significance level. This test procedure was also repeated while controlling for the mean 

difference in fields, and by combining the data for Fields 12A and 12B, and 13A and 13B 

into Fields 12 and 13, respectively.  

Power curves for the tea data set were calculated using the package ñpwrò. In Figure 2.23, 

four effect sizes have been defined, which correspond to a difference of 3%, 5%, 10% and 

15%. The 3% and 5% represent small effect sizes, with the 10% representing a medium effect 

size and the 15% a large effect size. The difference found in the pilot data set (35%) would be 

considered a gigantic effect size. The curves were created for the different amount of fields 

included in the experiment; these curves serve to determine a suitable number of replicates 

required for each field for example: 

When the desired power is 0.90 and the smallest relevant effect size is 5% and if 100 fields 

are used in the experiment, the minimum number of necessary replicates is estimated at 

approximately 22. When 50 fields are used, the minimum number of replicates would be 

about 33. The sample size calculations are done after eliminating any other ñfield effectsò i.e. 

using oneway ANOVA. Where ñfield effectsò are not eliminated, a mixed model approach is 

employed by adding random indicators for fields to the model. This addition results in an 
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increase in the power. Oneway ANOVA was used to compare the two good and the two poor 

fields and compute their means, standard deviations, and the Studentôs t-test, and contour 

plots of each field were prepared by JMP Pro (ver 13). Excel was used to calculate the SEM, 

from the same Standard Deviation (SD) at different sample sizes and to obtain the equation of 

the curve. 

2.6 RESULTS 

2.6.1 %drought score contour RWC plots based on SWAPDT method 

The contour plots for the four fields are shown in Figure 2.4. These are indicative of the 

%RWC profiles, which were flat; this eliminates any possible bias due to underground rivers 

or rocky outcrops. The ANOVA comparison between the two good and the two poor fields 

shows clear differences, with the mean %RWC of 72.2 for the two good fields, and 35.0 for 

the two poor fields (p < 0.0001).  The SD ranged from 13.3 - 20 units, indicating a large 

variation within each field. This is supported by the large coefficient of variation (CV) 

values, shown in Figure 2.5. 
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Figure 2.4: %RWC drought score contour plots based on SWAPDT method for the two good fields (12A and 

12B) and the two poor fields (13A and 13B). 
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Figure 2.5: Mean distribution curves for the fields 12A, 12B, 13A and 13B. The plots show the Mean, Std Dev, 

SEM, sample size (N) and the CV for each field. 
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By approximation, the difference between the two means was expected to be statistically 

significant provided the difference of the means > the sum of their SEMs or if Mean1 - 

Mean2 > SEM1 + SEM2. The data for the two good fields were pooled and annotated as 

Good 1 and Good 2, while that of the poor fields was annotated as Poor 1 and Poor 2.  The 

SEM for different sample sizes (n = 100, 50, 25, 20, 15, 10 and 5) for Good 1 and Good 2, 

and Poor 1 and Poor 2 pools were calculated using the equation shown in Figure 2.6. 

 

 

 

 

 

 

 

 

 

Figure 2.6: Ideal theoretical vs practical sample size required.The plot shows the initially postulated number of 

samples per field deemed practical versus the actual statistically obtained sample number at the 95% level of 

confidence. 

It is important to tea estate management to know the sample size for two fields whose means 

are close to each other. Figure 2.6 shows the required numbers of samples per field versus the 

delta mean at the 95% level of confidence. The figure shows that if the delta mean is 8%, the 

corresponding sample size is approximately 12. Using the SWAPDT method and a sample 

size of 20, it is possible to distinguish between fields with a delta mean of 6%. The collection 

of these 20 samples should be in the middle of the field to dispel any possibility of edge 

effects, and about 10 m apart within rows and 10 m apart between rows. Figure 2.7 below 

shows the Oneway analysis ANOVA results of the %RWC of the two good and two poor 

fields.  
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Figure 2.7: Oneway analysis of the % RWC against the two good and two poor fields. Oneway ANOVA was 

used to calculate the means.  
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Power curves for the data set were also plotted in Figure 2.8, showing the four effect sizes 

which correspond with a difference of 3%, 5%, 10% and 15%, as described above in the 

methods. 
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D.  

Figure 2.8: Power curves  for the data set were plotted, showing four effect sizes which correspond with a 

difference of 3%, 5%, 10% and 15%. (A) represents the number of replicates for 10 fields; (B) represents the 

number of replicates for 25 fields. (C) represents the number of replicates for 50 fields, and (D) represents the 

number of replicates for 100 fields. 
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 2.7 DISCUSSION AND CONCLUSION 

The RWC contour maps are almost flat, suggesting that there are no geological features that 

affect SWAPDT method scores, in these fields. This work sought to find a robust monitoring 

solution capable of concurrently achieving cost effective, adaptive and timeous sampling; the 

SWAPDT method was determined to effectively achieve this objective. The contour plots 

served to show that the high %RWC results of the cultivars from the good fields was not due 

to e.g. underground streams; likewise to show that the cultivars from the bad fields didnôt 

have e.g. molehills or old hut-sites. Both sets of plots showed that all the fields were normal. 

The solution attained allowed for improved sampling of the good fields (12A and 12B), and 

the poor fields (13A and 13B). The algorithm developed performs in-network data 

suppression for both spatial and temporal dimensions. This algorithm is employable for 

residual energy monitoring, faulty sensor detection and spatialïtemporal event monitoring, 

with the results confirming the efficiency of the solutionôs accuracy and cost effectiveness. 

Figure 2.5 and Figure 2.7 show the mean distribution curves and Oneway ANOVA results, 

respectively, for the two good fields (12A and 12B) and the two poor fields (13A and 13B). 

From these results, it is evident that the good fields have a higher %RWC mean, of 72 for 

both fields 12A and 12B, than the poor field with %RWC means of 34 and 36 for fields 13A 

and 13B respectively. These results are in agreement with those obtained from the contour 

plots and what is theoretically expected i.e. that the good fields, with drought tolerant 

cultivars would have a higher %RWC than the drought susceptible cultivars found on the bad 

fields. The plot in Figure 2.6 shows the initially postulated number of samples per field 

deemed practical to observe significant differences between fields versus the actual 

statistically obtained sample number at the 95% level of confidence. From this figure, it can 

be seen that the initially postulated 100 samples per field would be required to differentiate 

between fields with approximately 2% variation between them. As the variation between the 

fields increases, a smaller sample size is required i.e. when the variation between the fields is 

more than 6%, as little as 20 samples per field is required. From the means of the good and 

poor fields shown in Figure 2.5, it is clear that the two sets of fields vary significantly and as 

such as little as 5 samples per field will be able to distinguish between them on a statistically 

significant level. The results presented in the ANOVA showed that the SWAPDT method 

distinguishes good fields from poor fields.  

The power of a hypothesis test, according to Wise, (1974), tests the probability that the null 

hypothesis will correctly be rejected; this test is influenced by sample size. In instances where 
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a test possesses a low power, an effect may go undetected and it may be wrongly concluded 

that none exists, leading to the rejection of the H0 when it, in actuality is true. On the other 

hand, if the test power is too high, minor effects may be taken to be significant, and this may 

result in a failure to reject H0, when it is actually false. A power value of e.g. 0.9 signifies 

that if one was to repeat the same experiment several times, taking random samples each 

time, 90% of the time may result in the correct rejection of the H0, and the remaining 10% 

may result in sampling errors, which result in a failure to reject H0. Power curves plot the 

power of the hypothesis test against the difference between the mean and the target 

(Ariyavisitakul and Chang, 1993). The sample size is used to ascertain the number of 

observations required to obtain a certain power value for the testing of the hypothesis at a 

particular difference. Each power curve represents every combination of power and 

difference for each sample size when the significance level and the Std Dev are held constant. 

From Figure 2.8, sample sizes of 10, 25, 50, and 100, and their corresponding power curves 

are shown. Increasing the sample size employed in the hypothesis test results in a power 

increase, and this is observed from the power curves. As the sample size increased from 10 to 

100, the power values increased from less than 0.1 to 1.0 between fields which vary by as 

little as e.g. 3%. It is therefore necessary to have enough sample observations to achieve 

adequate power, without having a large sample size, which leads to a waste of time and 

money on redundant sampling (Wise, 1974). The findings of the two good and two poor 

fields correspond with the historical in-filling records that were available for these fields. 

This finding suggests that where historical in-filling records are not available, the SWAPDT 

method may be used to prioritize fields for replanting. These results also show that the 

SWAPDT method developed on tea cultivars from the TRFCA in Malawi can be applied to 

the seedling tea fields in Kenya, suggesting that the SWAPDT method may apply to other tea 

growing regions of the world. The sample size of 20 tea trees per field is sufficient to 

distinguish between fields that vary by 6% or more in their mean SWAPDT score. This 

sample size will need to be increased if the CV within a field is greater than 60%, i.e. if fields 

were planted with a more heterogeneous source of seeds than used in the four fields reported 

here.  
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Appendix 2.1: Peer-reviewed scientific article based on results from Chapter 2 
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