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Abstract

Conventional tea (Camellia sinensis (L.) O. Kuntze) breeding consisting of recurrent cycles of
crossing, field evaluation and phenotypic selection is the main breeding technique for tea. However, it is a
time-consuming process, that result in slow genetic gain. In order to accelerate tea breeding, the use of
modern breeding methods is required. In this regard, genomic selection (GS) and genome wide association
studies (GWAS) has been considered most promising for genetic improvement of complex traits. The main
aim of our study was to investigate the applicability of genomic selection (GS) and genome wide association
studies (GWAS) in tea breeding. A training population consisting of 103 tea genotypes located at two sites
were genotyped using genotyping by sequencing (GBS). Twelve biochemical traits known to influence tea
quality were evaluated using Nuclear Magnetic resonance (NMR) spectroscopy. Hierarchical cluster and
principle component analyses distinguished the 103 genotypes based on their biochemical properties.
Additionally, specific biochemical compounds correlated with sensory properties; mouthfeel and taste
correlated with ECG and EGCG, respectively. This implies that, biochemical compounds could be used for
selecting high quality teas objectively at the seedlings stage in the nursery, hence saving the time. We also
concluded that an optimized miniature process could be used for manufacturing different tea varieties into
black tea, however technologies that could optimally control withering and fermentation steps for the
different tea varieties developed in a breeding programme could be explored further. Using GWAS, we
identified 64 significant SNP markers and candidate genes associated with the biochemical traits. The
potential candidate genes identified included transferases, cytochrome P450 704Cl1-like proteins, E3
ubiquitin protein ligases, ATP-dependent zinc metalloprotease and exopolygalacturonases. The candidate
genes and the associated SNPs provide valuable resources for future studies to breed high quality tea
varieties and to understand the genetic basis of tea quality at a chemical level, to complement the current
sensory method of tea-tasting. The identified SNP markers could be further fine mapped to evaluate their
potential involvement in tea quality. Among the 2779 sequence tags, only 929 SNPs were mapped to each

of the two published draft genomes. In addition, 311 sequences had blast hits while 217 sequences were
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annotated and were assigned to biological processes, cellular component and molecular functions. We also
compared the prediction accuracies of 5 GS models using a 5-fold cross validation approach. However, the
performance of all the GS models were almost the same, with RRBLUP, BayesLASSO and BayesA
performing slightly better than BayesB and BayesCn. Traits with high GS accuracies were Epigallocatechin
gallate (ECGG), Theanine, Epicatechin (EC), Epicatechin gallate (EGC) and theobromine, while those with
low prediction accuracies were Gallocatechin (GC), catechin and Gallic acid (GA). We conclude that
implementing GWAS and GS in tea breeding would help to improve the prediction accuracies and benefit

from rapid genetic gains from selection of high-quality teas.
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Thesis structure

The write-up of the thesis follows ‘thesis by published work’ format. A total of five papers (draft
manuscripts) are included in the main body of thesis (Table 1). The thesis is divided into seven main
sections, namely;

1. General introduction: This section contains background information, problem statements, aims and
objective(s) of the study.

2. Literature review: This section has detailed information on tea, tea quality, molecular markers and the
breeding techniques applied in tea.

3. Thematic area one: This section is a review paper that summarizes the breeding techniques applied in
tea such as conventional breeding, linkage mapping, association mapping and genomic selection. A
proposed GS framework is also presented.

4. Thematic area two: This section has 3 papers, the current methods of tea quality evaluation; sensory,
physical and chemical methods, and electronic techniques are described and compared. An optimized
miniature process for use in tea breeding to manufacture black tea was evaluated. Lastly, biochemical
analysis of 12 compounds was conducted using NMR and the results were correlated with sensory data to
inform the key compounds for use to select high quality teas.

5. Thematic area three: Results on genomic prediction and genome wide association studies of quality
traits in tea are presented. Significant markers and candidate genes associated with tea quality were
identified. The accuracy of five GS models were compared using a 5-fold cross validation approach.

6. General conclusion: This section presents a general conclusion, based on the results of all the three
thematic areas for all the objectives.

7. Recommendation for future research: This part suggests further research that could be performed to

support and improve the results of this thesis.
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List of papers

Table 1. List of draft manuscripts included in the main body of the thesis.

No. Title Status

1 Genomic selection and use of molecular approaches in tea (Camellia | Draft
sinensis (L.) O. Kuntze) breeding: Present status and future prospects

2 Advances in techniques and methods for assessing tea (Camellia sinensis | Draft
(L.) O. Kuntze) quality: A review of recent development

3 Evaluation of an optimized miniature process for use in black tea quality | Draft
assessment in a tea breeding programme

4 Determinants of tea quality — multivariate analyses of green leaf | Draft
biochemical compounds and organoleptic properties

5 Genomic prediction and genome wide association mapping for quality in | Draft

tea (Camellia sinensis (L.) O. Kuntze) using genotyping-by-sequencing
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General introduction

1.1. Tea breeding goals

The world’s population is increasing steadily and is projected to reach 9 billion people in 2050
(Melorose et al., 2015), leading to an increase in the demand for food (Valin et al., 2014). Moreover, areas
previously occupied by crops will be occupied by human beings. Tea is an important crop to the economies
of many developing countries as it has led to creation of jobs for many people and development of good
social infrastructure such as road networks, schools and hospitals in rural areas (Mukhtar et al., 2000b). For
a sustained tea production, tea breeders are required to continuously release new superior varieties. The aim
of crop improvement programmes is to make genetic gain over time for one or more traits of economic
interest. Tea breeding goals vary amongst the major tea producing countries depending on the local needs
(Mondal, 2014b; Jain et al., 2009). However, developing varieties with combined high yield and quality is
the most important breeding objective (Mondal, 2014a; Kamunya et al., 2012). Currently, tea productivity
is facing a serious threat of climate change, resulting in significant yield losses (Sitienei et al., 2017;
Gunathilaka et al., 2017), and decreased quality (Han et al., 2017). Climate change has resulted in extreme,
erratic and less predictable weather patterns, resulting in longer dry periods, heavy rainfall, more hail and
increased temperatures (Marx et al., 2017; Batley et al., 2016). Additionally, the changing climate has led
to increased attacks of pests and diseases (Ahmed et al., 2014). Therefore, most tea breeders are focusing
on developing high yielding, high quality and varieties that are tolerant to biotic and abiotic stresses

(Mondal, 2014b; 2011).

1.2. From conventional to molecular breeding of tea

Conventional tea breeding methods face several challenges including long gestation periods, high
inbreeding depression, self-incompatibility, low success rate of hand pollination, short flowering time (2—
3 months) of tea and the long duration for seed to mature (12—18 months) (Mondal, 2014b). It is therefore

a time consuming and expensive process. Few studies have been conducted in tea using marker assisted
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selection (MAS) techniques such as linkage mapping and association mapping (Koech et al., 2018b). MAS
requires prior identification of the genes or markers which are significantly associated with the trait of
interest (Semagn et al., 2010). Important traits in tea such as yield, quality and drought tolerance are
quantitative in nature and are controlled by many genes, each with small effect that are difficult to identify
using QTL mapping (Heffner et al., 2009b). With the current focus on improving breeding efficiency,
reducing the cost of tea breeding and accelerating development of improved tea varieties, GS is a new
approach that promises to improve gain from selection per unit time compared to phenotypic selection and
the classical marker assisted selection methods (QTL mapping and association mapping) (De Donato et al.,
2013; Heffner et al., 2010). GS uses genome-wide markers to predict the breeding values of individuals in
a breeding population. The main advantage of GS is that it doesn’t require the identification of QTLs or
markers linked to the traits of interest, and hence its’ suitable for selecting complex quantitative traits
(Crossa et al., 2017; Goddard, 2009; Meuwissen et al., 2001). GS enables selection to be made at any time
as long as the genotypic information is available and could potentially replace some field evaluation stages

hence shortening the breeding cycles of tea.
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1.3. Aims and Objectives
The main aim of this research is to present a proof-of-concept for the applicability of GS and
GWAS in tea breeding programmes. The specific objectives are structured around three broad thematic

arcas.

1.3.1. Thematic area one
Tea breeding in the modern era. Specific objectives under this thematic area are;

1. To review the conventional tea breeding process, its limitations and discuss current application of
MAS in tea breeding.

2. To develop a GS framework for its implementation in tea breeding programmes.

1.3.2. Thematic area two
Tea quality evaluation methods. Specific objectives within this thematic area are;

1. Toreview the current tea quality evaluation techniques and make suggestions for future tea quality
research in the tea industry.

2. To investigate the reliability of using an optimized miniature process for manufacturing newly
developed varieties into black tea for assessment of their quality potential before release for
commercial planting.

3. To evaluate the quality of tea genotypes using biochemical data obtained from NMR and determine
the correlation between the measured green leaf biochemical compounds and organoleptic
evaluation results.

1.3.3. Thematic area three
Genomic prediction and genome wide association studies of quality traits in tea. Specific objectives within
this thematic area are;

1. Perform a GWAS to identify significant SNPs and identify potential candidate genes associated

with tea quality.
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2. To assess the effectiveness and potential of GBS as a genotyping platform for GS studies in tea
breeding.

3. To estimate genomic and broad sense heritabilities of twelve quality traits in tea evaluated using
Nuclear Magnetic Resonance spectroscopy (NMR).

4. To compare the prediction accuracies of five GS models: RRBLUP, BayesLASSO, BayesA,

BayesB and BayesCr.
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Literature review

2.1. Botanical classification and the genome of tea

Tea (Camellia sinensis (L.) O. Kuntze) is a perennial crop (2n = 30) that belongs to the genus
Camellia and family Theaceae (Namita et al., 2012). It is a diploid (2n=30) (Kondo, 1977), highly
outcrossing, self-incompatible and highly heterozygous tree species (Muoki et al., 2007). Natural
polyploids also exist in tea (Mondal, 2014a). There are three main varieties of cultivated tea worldwide.
Camellia sinensis var. sinensis (CSS; Chinese type) and Camellia sinensis var. assamica (CSA; Assam
type) are the two main types, both of which have recently been sequenced (Wei et al., 2018a; Xia et al.,
2017a). Camellia sinensis var. sinensis has small semi-erect leaves and with a genome size of 3.1 Gb (Wei
et al., 2018a), while Camellia sinensis var. assamica has large leaves and with a genome size of 3.02 Gb
(Xia et al., 2017a). CSS grows slowly but is able to withstand colder climates, while CSA grows quickly
and is highly sensitive to cold weather, and is mainly cultivated in warm tropical areas (Wei et al., 2018a).
CSS is mainly grown in high altitude areas for the production of high quality green tea, while CSA is usually
planted for use in processing black tea (Willson et al., 2012). The assamica tea originated from the forests
of Assam in north-eastern India while the sinensis type is believed to originate from Sichuan province,
south-western China (Van der Vossen et al., 2000). The third variety of tea is the Camellia assamica subsp.

Lasiocalyx, that has medium-sized leaves and is commonly known as Cambod type (Ming, 2000).

2.2. Distribution and economic importance of tea

Currently, tea is grown in over 52 countries in tropical and subtropical regions around the world
and is an important cash crop in many developing countries (Meegahakumbura et al., 2016). China and
India are ranked first and second highest tea producing countries in the world and they account for 36.28%
and 22.61% of the global tea production, respectively (FAO, 2018). Although Kenya is the third largest
producer of tea in the world after China and India, it is also the world’s leading exporter of black tea (ITC,

2018). China type teas are mainly cultivated across South China and in some Southeast Asian countries.
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Assam is the most cultivated type and is grown widely in India and other tea growing countries across the
globe (Meegahakumbura et al., 2016). The cambod tea was originally cultivated only in Indo-China (South
Yunnan of China, Myanmar, Assam in India, Nothern Thailand, Vietnam, Laos and Cambodia), but
currently is produced worldwide (Meegahakumbura et al., 2016).

Tea is a major source of livelihood in many countries, as it has led to the creation of jobs for many
people and development of good social infrastructure such as road networks, schools and hospitals in rural
areas (Mukhtar et al., 2000a). For instance, tea is the highest foreign exchange earner for Kenya. The tea
sector contributed to about 4% of Kenya’s GDP and 26% of the country’s total export earnings in 2017
(TBK, 2018). In most developing countries, tea is mainly grown in rural areas, hence contributing to the

improved living standard of the rural communities.

2.3. Types of tea

Processed tea is mainly classified according to the method of fermentation (Takeo, 1992) as black,
green and oolong teas (Tao et al., 2016b). Black tea is made from leaves that are completely fermented by
the deliberate aeration of the fresh green leaves. Fermentation is an enzymatic process whereby polyphenol
oxidase catalyze the polyphenols present in green leaf into theaflavins and thearubigins (Friedman et al.,
2005). Theaflavins and thearubigins are important compounds that give tea desirable quality attributes such
as taste, mouthfeel, colour and aroma (Obanda et al., 2004). Black tea accounts for approximately 72% of
the world’s total tea production (Sharangi, 2009). Oolong tea is partially fermented while green tea is
unfermented (Von Gadow et al., 1997). Other minor teas produced are white, yellow, Pu-erh and
reprocessed tea (flower scented tea, compressed tea, instant tea and herbal teas) (Mishra et al., 2018a). The
manufacturing process of white tea involves collecting the buds and young tea leaves shortly before the
buds have fully opened. Then the leaves are steamed and dried with minimum amount of processing. For
this reason, white tea retains the greatest levels of antioxidants and the lowest levels of caffeine compared

to the major teas (green, black or oolong) (Sharangi, 2009). Pu-erh tea processing is like that of black or
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green teas. However, the difference is, it is aged for some times to develop the flavor and colour of tea

(Sharangi, 2009).

2.4. Tea quality and biochemical compounds influencing tea quality

Tea quality is described commercially by sensory characteristics such as colour, aroma, texture,
taste of tea liquor and the appearance of dry tea (Zheng et al., 2016a). Flavour is comprised of taste,
mouthfeel and aroma, while colour is the appearance of dry tea and liquor (Ho et al., 2015). Taste, mouthfeel
and colour are formed by non-volatile compounds while aroma is produced by volatile compounds in tea
(Liang et al., 2003). Studies conducted so far show that catechins, caffeine and amino acids present in fresh
green tea influence the quality of black tea (Wright et al., 2000b). Several studies have demonstrated that
tea with high catechins, caffeine and amino acids (theanine) content is of high quality (Owuor et al., 2007;
Zuo et al., 2002; Wright et al., 2000b).

The main chemical compounds in fresh tea include polyphenols, amino acids, carbohydrates,
alkaloids, minerals, vitamins, volatile compounds and pigments (Chlorophyll and carotenoids) (Caffin et
al., 2004; Harbowy et al., 1997). Polyphenols consisting of flavonoids and phenolic acids are the main
compounds known to influence tea quality (Owuor et al., 2007; Wright et al., 2000b; Obanda et al., 1997).
Flavonoids are composed of flavan-3-ols (catechins), flavones, flavonols, flavanones, anthocyanins and
isoflavonoids (Hodgson et al., 2010).

Flavan-3-ols (catechins) constitute between 60-80 % of the total polyphenols (Balentine et al.,
1997) and they include (-)-epigallocatechin-3-gallate (EGCG), (-)-epigallocatechin (EGC), (-)-epicatechin-
3- gallate (ECG) and epicatechin (EC) , (+)-gallocatechin (GC), (-)-gallocatechin gallate (GCG), (-)-
catechin gallate (CG) and (+)-catechin (C) (El-Shahawi et al., 2012a). Catechins are generally water soluble
and contribute to the bitterness, astringency and sweet aftertaste of tea brew (Liang et al., 2003). Catechins
are broadly classified as non-gallated catechins (C, GC, EC and EGC) and gallated catechins (ECG and
EGCQG) (Peters et al., 2010). The gallated catechins are astringent and give tea the characteristic bitter taste
while the non-gallated catechins (EGC and EC) are far less astringent (Xu et al., 2018b). Catechins are also
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known to have therapeutic properties such as anticancer, antihypertension, anti-vascular and anti-
inflammatory effects (Sharangi, 2009).

Flavonols consists of three main groups namely quercetin, kaempferol and myricetin together with
their glycosides. They are present as free flavonols and as flavonol glycosides. The glycosidic group may
be composed of glucose, galactose, rhamnose, rutin, and p-coumaric, and they contribute to bitterness,
astringency and colour of tea (Jiang et al., 2015). Flavanones, flavones and isoflavones are present in low
quantities and contribute to the taste and medicinal properties of tea (Wang et al., 2000b).

Anthocyanins consists of six main groups; cyanidin, delphinidin, malvidin, peodin, petunidin, and
pelargonidin (Das et al., 2016). More than 500 different anthocyanins have been identified in plants based
on the hydroxylation, methoxylation patterns on the B ring and glycosylation with different sugar units
(Das et al., 2016). Anthocyaninin is mainly present in purple coloured tea, and the predominant type is
malvidin (Kerio et al., 2012). Anthocyanins are important quality indicators in tea (Wrolstad et al., 2005).
Similarly, anthocyanin have health benefits such as anti-inflammatory (Dai et al., 2007) antioxidant (Bae
et al., 2007), antiartherosclerotic (Mazza, 2007), antimicrobial (Viskelis et al., 2009) and anti-carcinogenic
effects (Wang et al., 2008c).

Phenolic acids are grouped into two classes which include hydroxybenzoic acids and
hydroxycinnamic acids (Wang et al., 2000b). The main phenolic acids present in tea are gallic acid, p-
coumaric acid, chlorogenic acid, benzoic acids and caffeic acid(van der Hooft et al., 2012). Phenolic acids
contribute to the astringency properties of tea (Scharbert et al., 2004).

Alkaloids present in tea include caffeine, theophylline and of theobromine. Caffeine is the largest
concentration (between 2% to 4% dry weight) while theophylline and theobromine are available in low
concentrations at 0.1% (Ashihara et al., 1997). In addition to affecting the taste of tea with its sharp
bitterness, caffeine has mood and cognitive enhancing properties and it is an essential component of tea
which contributes to its quality (Caffin et al., 2004; Harbowy et al., 1997). The quality of tea positively
correlates with the concentration of caffeine, by contributing to the astringency of black tea infusion.
Moreover, caffeine removes fatigue and sleepy feeling and has diuretic action (Snel et al., 2011).
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There are more than 600 volatile compounds identified and they contribute to the aroma of tea
(Schuh et al., 2006). These compounds can broadly be classified into primary or secondary products (Ho et
al., 2015). The primary products are biosynthesized by the tea plant and are present in the fresh green leaf
and do not undergo changes. Secondary products are produced during tea manufacture from substrates such
lipids, amino acids and carotenoids through enzymatic and non-enzymatic reactions (Ho et al., 2015). The
primary volatile compounds in tea products are biosynthesized through six main pathways and they include
carotenoid derivatives pathway, the fatty acid derivatives pathway, the terpene derivatives pathway, the
phenylpropanoid/benzenoid derivatives pathway, the glycoside hydrolysis pathway and the Maillard
reaction pathway (Zheng et al., 2016a; Ho et al., 2015).

The main pigments present in fresh tea are chlorophyll and carotenoids. Most of the chlorophyll is
preserved during manufacture of green tea and hence the characteristic green colour (Suzuki et al., 2003).
However, some chlorophyll is transformed to pheophytin and epimers due to the heat treatment during
processing (Suzuki et al., 2003). In black tea, chlorophyll degrades and transforms to either pheophytin or
chlorophyllide, catalyzed by chlorophylase and finally to pheophorbide. About 14 types of carotenoids have
been identified in fresh shoots of tea (Suzuki et al., 2003). The main carotenoids in tea are -carotene,
lutein, zeaxanthin, neoxanthine, xanthophyll, lycopene and violaxanthine (Suzuki et al., 2003;
Ravichandran, 2002). Carotenoids are major precursors for aroma formation, and therefore significantly
contribute to tea quality (Zheng et al., 2016a; Ho et al., 2015). Both chlorophyll and carotenoids contribute

to the colour and taste of made tea(Ravichandran, 2002).

2.5. Factors influencing tea quality

The genetic makeup of tea varieties has a major influence on tea quality. Different varieties exhibit
varying levels of catechins and caffeine in tea, and can therefore be used as biochemical markers of tea
quality (Owuor et al., 2007; Magoma et al., 2000). The quantities and proportion of these biochemical
compounds in green leaf are positively correlated with black tea quality (Owuor et al., 2007). Flavour and
colour of tea liquor and the appearance of dry leaf are influenced by polyphenols, catechins and caffeine
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levels present in tea. Higher levels of these compounds in fresh shoots are preferable as they are indicators
of high-quality tea. Therefore, the choice of the variety to cultivate is important as it determines the quality
of tea (Dutta et al., 2011).

Environmental conditions have a significant impact on tea quality. Tea is mainly cultivated in
tropical and subtropical regions because they have conducive environment for the growth of tea. The
environmental factors influencing tea quality include soil type, altitude, seasons, weather factors (Owuor et
al., 2011). Tea grown in high altitudes is of high quality because it is more aromatic compared to tea grown
in low altitudes. Tea grows best at high and evenly distributed rainfall which range from 1150 to 1400 mm
per year (Carr et al., 1992). In areas where rainfall is less than 1,150 mm per annum and those with long
and hot dry spells, irrigation is recommended (Carr et al., 1992). Tea grows under a wide range of
temperatures which range from 18 to 20 °C (Carr et al., 1992). Similarly, tea requires high relative humidity
between 80—90%. Soil properties that lead to high tea yields and quality include a soil pH of between 4.0
and 5.5 (Goswami et al., 2001) and high organic matter (Ananthacumaraswamy et al., 2002).

Management practices such as fertilizer application, irrigation and harvesting operations
significantly influence the quality of tea (Owuor et al., 2011). Harvesting tea by hand leads to high quality
tea because the young tender shoots (2 leaves and a bud) are plucked at the right size. It is recommended
to harvest tea at the correct interval. Long plucking interval leads to overgrown shoots which require course
plucking, therefore introducing undesirable leaf quality. Course plucking leads to reduced levels of aroma,
polyphenols and polyphenol oxidase (PPO) activity hence poor-quality teas (Owuor et al., 2011). Fertilizers
are essential for growth and establishment of tea. However, fertilizers should be applied according to the
recommended rates since high rates of nitrogen reduce black tea quality and does not increase yields (Owuor
etal., 2011).

Processing parameters applied during tea manufacture have a significant impact on tea quality
(Obanda et al., 2001). Black tea manufacture processes involve withering, cutting, curling, tear,
fermentation and drying (Ravichandran, 2002). Optimization of each of the steps can affect the quality of
tea (Ravichandran et al., 1998). Moisture content during withering, fermentation temperatures, relative
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humidity and time of fermentation, influence the colour and liquor brightness (Owuor et al., 2017; Obanda

et al., 2004).

2.6. Tea breeding

The rates of genetic gain delivered by plant breeding must be doubled if we are to achieve the
productivity and sustainability targets of 2050 (Fischer et al., 2009). The main breeding approaches in tea
include conventional breeding (controlled hybridization and individual selection) and molecular marker
assisted selection (Chen et al., 2007b). The most important breeding objectives for tea include; high yield,
high quality, high efficiency and high tolerance to biotic and abiotic stresses (Mondal, 2014a; Kamunya et

al., 2012; Chen et al., 2007b).

2.6.1. Conventional tea breeding

Conventional breeding has been the main method used in selecting improved tea varieties in many
countries worldwide (Mondal, 2014a; Kamunya et al., 2012). All the teas cultivated worldwide originated
from India and China and were introduced to other countries (Meegahakumbura et al., 2016). Field selection
and hybridization are the main approaches used in conventional tea breeding (Mondal, 2014a). Field
selection involves identification of superior bushes in naturally existing seedling populations (Chen et al.,
2007b). Promising bushes are selected and established as bi-clonal and polyclonal seed gardens (Carr,
2018). The resulting seedlings are used as parents, which have given rise to the current germplasm through
crossing and selection (Meegahakumbura et al., 2018b; Kamunya et al., 2012). Hybridization and hand
pollination are modern methods of tea variety development and they involve crossing selected tea types and
wild relatives to produce new crop varieties based on Mendel’s laws of inheritance (Carr, 2018; Sharma et
al., 2010). Hybridization methods practiced in tea breeding are either natural or controlled (Mondal, 2014a;
Chen et al., 2007b). Natural hybridization involves using bi-clonal or polyclonal seed baries that are planted
in an isolated field, allowed to flower and cross pollinate naturally (Carr, 2018; Mondal, 2014a). Since tea

is self-incompatible (Muoki et al., 2007; Wachira et al., 2005), any seed set is a cross between the clones
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(Carr, 2018). F; seeds from these baries are harvested, planted and the superior seedlings are selected for
important traits such as yield, quality and drought tolerance. The best seedlings are multiplied and exposed
to multiple locations to test for genotype x environment effects (Kamunya et al., 2012). The most stable
varieties across locations are multiplied and released as clones for commercial planting (Carr, 2018).
Polyclonal seed baries involves planting several tea bushes together, and this introduces more variability
among the F1 seeds. However, it is difficult to identify the parentage of offspring resulting from polyclonal
seed baries, unless molecular markers are used (Hou et al., 2006; Tanaka et al., 2005a). In controlled hand
pollination, two parents with known traits of interest are crossed manually by hand and subsequent
generations examined for progenies with the desired traits (Carr, 2018). The main limitation of controlled
hand pollination is that the success rate is very low (Carr, 2018), implying that many crosses are required,
resulting in high costs and labour.

The standard method of developing superior tea varieties at Unilever Tea Kenya (UTK) is as
described in Figure 1. Parents with desirable traits in tea (yield, quality, drought tolerance, pest and disease
tolerance) are selected and crossed for one year. The seeds are germinated and allowed to grow in a tea
nursery for one year, before being established in the field as hand pollinated trials (HPT). Hand pollinated
trials are single progeny trials and each seedling is distinct from each other. Yield data from the HPTs are
recorded for 3 years from each of the single bush progenies separately and the best 20% of the seedlings
are selected, and vegetatively propagated in the tea nursery. The target is to get 24 uniform plants from each
of the selected superior seedling. Mini clonal trial (MCT) is established as a completely randomized block
design, consisting of 12 plants per clone replicated twice. Phenotypic evaluation for yield and other traits
in the MCT is recorded for 5 years. Superior varieties are selected from the MCTs and vegetatively
propagated in the nursery for one year. The last stage of selection in conventional tea breeding is clonal
field trials (CFTs), and it involves clonal evaluation of superior varieties selected from the MCTs in a
completely randomized block design, consisting of 16 plants per clone replicated twice. It is planted at
different sites to test for the effects of genotype by environment interaction. CFTs are recorded for a further
5 years and the superior varieties are selected and bulked for 3 years, before being released for commercial
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planting. The total duration of developing superior tea varieties at Unilever Tea Kenya is 16 years (Figure

1.

Pallination to seed harvest
1year
Germination and nursery |
1year

HPT |

| 2 years

Cloning and nursery

1year
r
MCT
lS years
Selection & nursery
1 1years
CFT
15 years

Bulking , registration &
commercial release

Figure 1. Conventional tea breeding at Unilever Tea Kenya Limited (HPT-hand pollinated trial,

MCT-mini clonal trial, CFT- Clonal field trial).

2.6.2. Application of genetic markers in tea breeding

Genetic markers are genes or DNA sequences with known chromosome locations controlling a
specific gene or trait and reveal genetic differences between individuals (Xu, 2010a; Semagn et al., 2006a).
Genetic markers used in tea breeding are broadly grouped into classical markers and DNA/molecular
markers (Mukhopadhyay et al., 2016). Classical markers are further divided into morphological, cytological

and biochemical markers (Mukhopadhyay et al., 2016).
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2.6.2.1. Morphological markers used in tea

Morphological markers are visually detectable plant characteristics such as the shape, size, colour
and surface of various plant parts and have been used by tea breeders worldwide to select superior varieties
(Mondal, 2014a). Tea taxonomists use morphological traits such as colour and shape of the leaf, growth
habit and features of flowers to identify different tea species (Banerjee, 1992). Similarly, tea breeders
frequently use characteristics such as bush vigour, recovery from prune, table height, dry matter production,
shoot density and shoot replacement ratio to select high yielding tea varieties (Carr, 2018; Mukhopadhyay
et al., 2016). Additionally, leaf pubescence (Kamunya et al., 2010) and pigmentation (Banerjee, 1992) are
used as indicators for selecting high quality black tea varieties. Morphological markers are simple and
inexpensive to use, since they do not require specialized biochemical and molecular techniques. However,
they have not been used extensively in tea breeding because they are limited in number, require many
mapping populations and are influenced by the environment and hence may lead to inaccurate identification

of phenotypes (Kamunya et al., 2010).

2.6.2.2. Biochemical markers

Biochemical markers are variations in amino acid and protein banding pattern and are separated by
molecular weight or isoelectric point on electrophoresis gels. Catechin content are used as biochemical
markers in diversity studies of tea to select and differentiate tea genotypes (Magoma et al., 2000). Similarly,
several classes of biochemical compounds such as volatiles, amino acids, total polyphenols, soluble sugars
and caffeine in fresh green leaf are the main determinants of quality in black tea (Owuor et al., 2007; Wright
et al., 2000b). Additionally, Nyarukowa et al. (2016) developed a simple method of screening drought
tolerant tea varieties using amino acid and sugars. Biochemical markers are codominant and can distinguish
both homozygotes and heterozygotes. However, biochemical markers are limited in number and are
affected by the environment (Collard et al., 2005), and therefore molecular markers are preferred in tea

breeding (Mukhopadhyay et al., 2016).
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2.6.2.3. Cytological markers

Cytological markers are variations present in the numbers, banding patterns, size, shape, order and
position of chromosomes. Cytological markers have been studied extensively in tea and karyotypic data for
various species of tea is available (Mondal, 2011; Chen et al., 2000). Kondo et al. (1981) reported
karyotypic variability among several species of tea using the C-banding method. However, determination
of karyotype grouping in tea is difficult because of the high stickiness of the chromosomes. Similarly, the

homologous pairs of chromosomes in tea are not identical (Kondo, 1977).

2.6.3. DNA markers/ molecular markers

DNA markers are specific DNA sequences on a chromosome associated with specific traits and
reveal polymorphisms between individuals. Molecular markers are divided into hybridization-based
markers, PCR-based markers and sequence or chip-based markers (Jiang, 2013; Semagn et al., 2006a).
DNA Markers should ideally be; (1) highly polymorphic, to distinguish many individuals, (2) highly
abundant and uniformly distributed in the genome, (3) co-dominant, to distinguish heterozygotes and
homozygotes individuals, (4) reproducible, (5) cost-efficient for screening a large population and (6) easy

to genotype (Semagn et al., 2006a; Gupta et al., 1999).

2.6.3.1. Restriction Fragment Length Polymorphism (RFLP)

RFLP is the only molecular marker based on hybridization and it relies on the ability of restriction
endonucleases to recognize and cleave DNA at specific sites within the genome, generating many DNA
fragments of different lengths (Winter et al., 1995). RFLP markers are codominant in nature, do not require
sequence information and have relatively high reproducibility (Semagn et al., 2006a). RFLP markers have
been utilized in genetic diversity studies to determine genetic relationship of Korean and Japanese teas
(Matsumoto et al., 2004). These studies showed that the genetic diversity among Japanese tea is narrow,

and the Korean tea germplasm was largely introduced from China and partially from Japan. Devarumath et
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al. (2002) used RFLP markers to investigate the genetic integrity of micro-propagated diploid and triploid
elite teas. They found that there were genetic variations at the DNA sequence level and clonal teas derived
from organized meristems are not always genetically true to the type. Matsumoto et al. (2004) used RFLP
markers to successfully distinguish Assam hybrids and Japanese green tea cultivars with high and low
catechins content, and to classify different Japanese cultivars. Similarly, RFLP markers have been used to
differentiate teas originated from China and Japan (Matsumoto et al., 2002). There are few practical
applications of RFLP markers in tea compared to other markers because they are expensive, labour
intensive, require large quantity of DNA and the steps involved in genotyping are tedious, complex and

time consuming (Kamunya et al., 2010).

2.6.3.2. PCR based markers

2.6.3.2.1. Random amplified polymorphic DNA

RAPD markers detects DNA polymorphism produced by rearrangement or deletions at or between
oligonucleotide primer binding sites in the genome (Williams et al., 1990). RAPD markers in tea have
mainly been utilized in genetic diversity and population differentiation (Mukhopadhyay et al., 2016). For
example, RAPD markers were used to estimate genetic diversity and taxonomic relationships in 38 clones
of three different species of tea namely, Camellia assamica, Camellia sinensis, and Camellia assamica ssp.
Lasiocalyx (Wachira et al., 1995). Large genetic variations were reported within and between the three
species. Similar findings have also been reported in several other studies utilizing RAPD markers (Wachira
et al., 2001; Kaundun et al., 2000). These results were confirmed by other findings that found tea to be
highly outcrossing (Muoki et al., 2007; Wachira et al., 2005) and heterozygous crop (Banerjee, 1992). In
other findings, Roy et al. (2009) used RAPD markers to determine genetic diversity among the China,
Assam and Cambod species. They found that the China variety had the highest genetic diversity. Other
studies using RAPD markers agreed with these findings (Chen et al., 2002). Likewise, RAPD markers have

been used to determine the genetic fidelity of micro-propagated tea derived from ex-plants of field grown
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mother bushes as well as in vitro germinated seedlings (Borchetia et al., 2009). These results revealed that
tea grown using axillary and adventitious methods of propagation are genetically true to type. Other
application of RAPD markers in tea includes parental identification (Wu et al., 2002), discrimination of
genotypes (Chen et al., 2002), molecular phylogeny studies (Chen et al., 2000), assessment of mating
system (Muoki et al., 2007), construction of linkage maps (Hackett et al., 2000). Additionally, Mphangwe
et al. (2013), identified associations between RAPD markers and 6 desirable traits in tea traits namely black
tea quality, high yield and tolerance to drought, high temperature, low temperature and Phomopsis theae.
RAPD markers have widely been used in many crops including tea because they are technically simple and
fast to assay, require small quantities of DNA, are highly polymorphic, are easily detected on ethidium
bromide stained agarose gels and no prior knowledge about the genome is required (Semagn et al., 2006a).
However, RAPD are dominant markers, not reliable as they are not easily reproducible within and between

laboratories, hence not suitable for MAS and genetic mapping (Avise, 2012).

2.6.3.2.2. Amplified Fragment Length Polymorphism (AFLP)

AFLP are dominant and multi-locus fingerprinting markers that combines the reliability of the
RFLP technique with the power of the PCR technique, hence they are more robust and reliable (Bensch et
al., 2005; Liu et al., 2004). Several genetic studies have been conducted using AFLP markers in tea. Paul
et al. (1997) used AFLP markers to detect diversity and genetic differentiation among Indian and Kenyan
populations of tea (Camellia sinensis (L.) O. Kuntze). They reported that Kenyan tea germplasm is
predominantly made up of genotypes originating from India, and the China varieties had the greatest genetic
variation. Similar findings were revealed by Mishra et al. (2004) who showed that genetic diversity in tea
varied according to origin and China varieties had the greatest diversity followed by Assam and Cambod
types, respectively. Similar findings were also reported by Balasaravanan et al. (2003) who used AFLP
markers to characterize 49 tea cultivars in India and they showed that varieties from China had the highest
genetic diversity. In other studies, Sharma et al. (2010) found a high level of genetic variation (85%) within

populations and low variation (15%) between common commercial varieties in India using AFLP markers.
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Studies conducted by Raina et al. (2012) in India using AFLP markers reported that there were wide
variations among tea accessions while commercial varieties had limited variabilities. Additionally, several
genetic linkage maps for important traits in tea have been constructed using AFLP markers (Chang et al.,
2017; Huang et al., 2005). AFLP markers are reliable and reproducible (Blears et al., 1998), easy to use
compared to RFLPs (Valsangiacomo et al., 1995), do not require prior knowledge of the DNA sequence
and only a small quantity of genomic DNA is required (Semagn et al., 2006a). However, AFLPs are
dominant markers, require high molecular weight DNA and are expensive and labour intensive to develop

(Semagn et al., 2006a).

2.6.3.2.3. Simple Sequence Repeat (SSR)

SSR are short tandem repeats of DNA sequence of about 2-6 bases in length and are widespread in
all prokaryotic and eukaryotic chromosomes (Chistiakov et al., 2006; Zane et al., 2002). SSR markers are
advantageous because they are co-dominant, ubiquitous, multi-allelic, highly reproducible and requires low
amounts of DNA. However, the development of SSRs is tedious, costly and requires extensive knowledge
of DNA sequence information (Semagn et al., 2006a).

SSR markers have been used widely in tea breeding. Studies conducted in Western Himalaya, India
using SSR markers revealed moderate to high genetic diversity for superior clones commercially grown
and could therefore be used in genetic improvement of tea (Bhardwaj et al., 2014). Ujihara et al. (2009)
successfully used SSR markers to distinguish 16 Japanese genotypes and one Chinese tea cultivar. They
concluded that SSR markers could be used for variety identification. Similar studies using SSR markers
have been conducted to identify the origin of tea germplasm in India and China (Meegahakumbura et al.,
2016). Wambulwa et al. (2016) used SSR markers to determine the genetic diversity and relationships of
cultivars of African tea. They reported that the genetic diversity present in Africa tea is low and Camellia
sinensis var. assamica, which originated from India is the main variety cultivated. Other studies conducted
in East Africa using SSR markers also revealed Camellia sinensis var. assamica as the most popular variety,

and it had the lowest genetic diversity compared to other varieties (Meegahakumbura et al., 2018b). A core
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collection of tea was selected from worldwide germplasm resources using SSR markers (Taniguchi et al.,
2014). These studies revealed that Japanese tea had the lowest genetic diversity while genotypes from
China, Taiwan, India and Sri Lanka had the highest genetic diversity in that order (Taniguchi et al., 2014).
SSR markers have also been used to construct genetic linkage maps for important traits in tea (Tan et al.,

2016a; Lorenz et al., 2011b).

2.6.3.3. Sequence/ chip-based markers

2.6.3.3.1. Single nucleotide polymorphisms

Single nucleotide polymorphisms (SNPs) are variations at a given position in a DNA sequence
among individuals. In tea, SNP markers have been used to determine genetic diversity between Camellia
sinensis and its wild relatives (Yang et al., 2016). They reported that cultivated accessions had greater
heterozygosity than wild accessions, except C. taliensis var. bangwei, which was identified as semi-wild in
the same study. The first reference map using SNP markers was constructed by Ma et al. (2015). A total of
6,448 SNPs were used and the map had fifteen linkage groups, with a total map length of 3,965 cM, and an
average inter-locus distance of 1.0 cM. This map provides valuable information that can be utilized by tea
breeders and geneticists in fine mapping of quantitative trait loci (QTL), map-based cloning and marker-
assisted selection, hence improving desirable traits in tea (Ma et al., 2015). SNP markers have been used
significantly in genetic studies, because of their high abundance, stability, bi-allelic variation in the genome
of diploid species, and ease of automation in high-throughput analysis (Mochida et al., 2004). Although
most common in non-coding regions, SNPs also occur in functional genomic regions and are therefore
important for characterizing genes associated with complex traits (McCouch et al., 2010; Nelson et al.,

2004).
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2.6.3.3.2. Diversity arrays technology markers (DArT)

The diversity Array Technology (DArT) is a high throughput micro-array hybridization-based
marker system that allows simultaneous detection of thousands of DNA polymorphisms arising from single
base changes, and small insertions and deletions in a single assay (Wenzl et al., 2004). Compared to other
marker systems, DArT markers are highly reproducible and provide a high throughput hence allowing for
rapid analysis of many DNA samples in a single assay (Akbari et al., 2006). Additionally, DArT markers
are cost effective (Xia et al., 2005) and do not need prior sequence information (Jaccoud et al., 2001). DArT
markers have not been used widely in tea and only one application of DArT markers has so far been
reported. Koech et al. (2018a) used DArT marker for mapping black tea quality and drought tolerance. The
map consisted of 15 linkage groups and with a total length of 1260.1 cM and a mean interval of 1.1 ctM

between markers (Koech et al., 2018a).

2.7. Marker assisted selection (MAS)

Marker assisted selection involves the identification of genetic markers linked to specific genes of
interest and utilization of these markers for indirect selection of desirable phenotypic traits. Before marker
assisted selection is utilized in plant breeding, molecular markers influencing important traits are identified
through genetic mapping and validated (Collard et al., 2007). Genetic maps are essential tools for
implementing quantitative trait loci (QTL) analysis and marker-assisted selection (MAS) (Xu et al., 2017).
Genetic mapping techniques include linkage mapping and association mapping (Xu et al., 2017). The aim
of conducting genetic mapping is to understand the inheritance and genetic architecture of important
quantitative traits and identify desirable markers for use in marker assisted selection (Collard et al., 2007).
The markers identified in genetic mapping studies are validated before use in marker assisted selection
(Collard et al., 2005).

Compared to conventional breeding, marker assisted selection is more reliable since it’s not
influenced by the environment. MAS is also cost-effective especially when evaluating traits such as yield,
quality and resistance to biotic and abiotic stress which require expensive screening techniques (Collard et
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al., 2007). Similarly, MAS reduces the time required to release varieties since selection using markers can
be carried out early in the breeding cycle before the trait is expressed. Additionally, MAS is more efficient
because markers linked to the trait of interest are selected and used, allowing the selection of traits that are
not easily manipulated in conventional breeding (Collard et al., 2005). MAS also avoid the transfer of
undesirable or deleterious genes especially during gene introgression from wild species to elite varieties

(Ben-Ari et al., 2012). MAS is also effective in selecting traits with low heritability (Collard et al., 2005).

2.7.1. QTL mapping

QTL mapping is the determination of associations between specific DNA markers and phenotypic
traits of interest in a segregating bi-parental population (Collard et al., 2005). The main steps involved in
QTL mapping include; 1) developing an appropriate mapping population, 2) phenotyping the population
for the trait of interest, 3) identification of the type of molecular markers for genotyping, 4) linkage analysis
to identify markers linked to the trait of interest using statistical programs, and 5) marker validation to test
the applicability and reliability of the identified markers associated with the QTLs in predicting the trait of
interest (Semagn et al., 2010). The validation process of the markers identified involves testing the markers’
effectiveness in different genetic backgrounds or independent breeding populations (Zhou et al., 2003;
Cakir et al., 2003).

The construction of genetic linkage maps is the basis of molecular biology and is essential for a
wide range of genetics and genomic studies, such as quantitative trait mapping, molecular marker-assisted
breeding and comparative genomic studies (Xia et al., 2020). The first linkage map in tea was constructed
by Hackett et al. (2000), using AFLP and RAPD markers. The map had a length of 1349.7 cM and 126
markers with an average distance of 11.7 ¢cM between loci and 15 linkage groups, corresponding to the
haploid number of tea. However, the map was assembled using markers from female parents only and
therefore majority of the markers exhibited unexpected segregation ratios. Later, Huang et al. (2005)
constructed an AFLP linkage map for tea using both female and male parents. The map of a female parent

had 17 linkage groups and 208 markers, covering length of 2457.7 cM, and the average distance between
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markers was 11.9 cM. AFLP linkage map for the male parent had 16 linkage groups and 200 markers,
covering a total length of 2545.3 cM, and the average distance between markers was 12.8 cM (Huang et
al., 2005). Kamunya et al. (2010) developed a linkage map using RAPD, AFLP and SSR markers tea to
identify markers associated with yield in tea. The map contained 30 (19 maternal and 11 paternal) linkage
groups with a total length of 1,411.5 cM and a mean interval of 14.1 cM between loci. Twenty-three putative
yield QTLs were detected in the 2 environments studied. However, these studies used a small mapping
population size comprising of only 42 progenies and therefore further validation steps were recommended
before utilizing the markers in marker assisted breeding. The first high-density reference linkage map of
tea was constructed using SSR markers (Taniguchi et al., 2012). The core map had 15 linkage groups, with
a total length of 1218 cM. The combined maps had 441 SSRs, 7 CAPS, 2 STS and 674 RAPDs and was
recommended for use as a basic reference linkage map of tea (Taniguchi et al., 2012). A moderately
saturated genetic map was constructed using 406 SSR markers using a pseudo-testcross population of 183
individuals derived from an intraspecific cross of two Camellia sinensis varieties with diverse catechins
composition (Ma et al., 2014). The map consisted of fifteen linkage groups with a total map length of
1,143.5 cM, and an average locus spacing of 2.9 cM. A total of 25 QTLs associated with catechins content
were identified (Ma et al., 2014). Similarly, Tan et al. (2016a) constructed a saturated linkage map using
an F1 tea population derived from crossing two varieties namely ‘Longjin43’ x ‘Baihaozao’. The map
consists of 15 linkage groups, covering a total length of 1226.2 ¢cM with an average marker distance of 2.5
cM. A total of 15 QTLs were identified and were associated with timing of spring bud flush, young shoot
colour, mature leaf length, mature leaf width and leaf shape index (Tan et al., 2016a). Recently a moderately
saturated genetic map with a length of 1441 ¢cM was constructed using RAPD, AFLP and SSR markers,
and it provides a foundation for developing markers linked to disease resistance and tea quality (Chang et
al., 2017). In this study, Japanese and Korean cultivars were used to make double pseudo-testcrosses of 79

F1 mapping population.
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2.7.1.1. Limitations of QTL mapping

Developing a mapping population is time-consuming, tedious and an expensive process (Heftner
et al., 2009b). It involves crossing two genetically divergent parents, differing in the traits of interest
(Collard et al., 2005). However, the success rate of crossing tea is always low since many flowers abort
(Carr, 2018), hence it is recommended to ensure that many crosses are done. Similarly, the self-
incompatible nature of tea plants, leads to a low seed yield, leading to the propagation of insufficient
populations for QTL mapping (Xia et al., 2020). Tea is also a perennial crop with a long generation time;
it takes between 3 to 6 years for tea to grow from seed to flowering (Mondal, 2014a). This makes linkage
mapping in tea is a time-consuming process.

The available resources for conducting QTL mapping limit the size of the mapping population to
be used, which significantly affects the accuracy of detecting QTL positions and effect estimates (Heffner
et al., 2009b; Schon et al., 2004). Land is a scarce, expensive and treasured resource in many countries, and
this limits the number of linkage mapping experiments that can be conducted in tea. In addition, it is
expensive to employ skilled labour specifically for hand pollination and maintaining seedlings in the
nursery and in the field. Moreover, a marker validation step is required in QTL mapping, which is expensive
and could limit the effectiveness of biparental population for MAS in plant breeding (Holland, 2004).

Biparental populations used in QTL mapping are small and only capture a small portion of the total
genetic variation, hence do not represent the whole breeding population (Xu, 2010a). Studies conducted in
tea, have shown that the small population used in QTL mapping leads to overestimated and spurious QTL
effects (Kamunya et al., 2010). Additionally, the statistical methods used in linkage analysis are not
adequate for improving quantitative traits, that are controlled by many genes each with small effect (Lorenz

et al., 2011b).

2.7.2. Association mapping
Association mapping is a population-based method used to detect and map QTLs based on

significant association of molecular markers and phenotypic traits (Gupta et al., 2005). Compared to linkage
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analysis which utilizes data within a family to predict correlations between a phenotype and a marker,
association mapping exploits the historical LD to identify trait-marker relationships within a natural non-
biparental population (Pasam et al., 2012). Linkage disequilibrium is used to construct LD maps, study
marker-trait association (MTA) both independently and in combination with linkage analysis and in
population genetics and evolution studies (Gupta et al., 2005). Association mapping results in higher
mapping resolution and evaluates a wide range of alleles rapidly compared to linkage mapping (Yu et al.,
2006b; Stich et al., 2005).

The two main types of association mapping are candidate gene association mapping and genome
wide association studies (GWAS). Candidate gene approach involves determination of associations
between polymorphic variants in known genes of interest and quantitative traits. It requires knowledge of
the location and function of genes that influence the genetic, biochemical and physiological pathways of
the trait of interest (Hall et al., 2010; Mackay, 2001). Genome wide association studies involves scanning
markers across the entire genome for significant statistical associations between a set of molecular markers
and the phenotypic trait of interest. It requires the use of high marker density to accurately identify markers
that reveal genome-wide LD structure and haplotype diversity in the study population (Zhu et al., 2008).
The main steps in an association mapping studies include; 1) Selection of individuals from a natural
population or germplasm collection with a wide genetic diversity, 2) phenotyping, 3) genotyping, 4)
estimation of linkage disequilibrium, 4) assessment of population structure and kinship, 5) association
analysis, and 6) replication and validation of the predicted QTLs (Abdurakhmonov et al., 2008).

Association mapping was first applied in human genetics to study associations between QTLs and
diseases (Hindorff, 2009). Currently, association mapping methods are being applied in many crops (Soto-
Cerda et al., 2012a; Hall et al., 2010; Sorrells et al., 2009). However, very few association mapping studies
in tea have been conducted so far. Jin et al. (2016) conducted an association analysis and identified 4318
SNPs associated with caffeine content in four different environments. Significant marker—trait association
was also validated, and the SNPs identified were recommended for use in marker-assisted selection for tea
quality improvement (Jin et al., 2016). Similarly, Su et al. (2016) studied association between quality traits
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in tea and markers in Southern Henan, China. They detected 2211 pairs of loci of which 259 had significant
linkage disequilibrium with the traits (D>0.5). 19 EST-SSR markers were found to be significantly
associated with polyphenols, total free amino acids and caffeine. The findings from this work can be used
for improvement of tea quality and early identification of varieties in tea breeding programmes before
undergoing field trials which take a long time (Su et al., 2016). With the availability of next generation
sequencing technologies at much reduced costs, more marker- trait association studies in tea can now be

conducted.

2.7.2.1. Advantages of association mapping over QTL mapping

Association mapping is conducted on the existing natural population that is readily available, and
therefore identification of QTLs does not involve developing a bi-parental population which is expensive
and time-consuming. Similarly, there are higher levels of genetic recombination within an association
mapping population, which leads to a higher resolution compared to the bi-parental population applied in
QTL mapping (Korte et al., 2013a). Additionally, many alleles can be evaluated simultaneously for one
locus, and this ensures effective gene tagging and accurate identification of markers for use in marker
assisted selection. Association mapping is also more cost effective compared to QTL mapping since many
traits can be investigated using the same panel of accessions and genotypic data without the need for an

expensive validation procedure (Breseghello et al., 2006).

2.7.2.2. Limitations of association studies

Although association leads to a greater resolution compared to QTL mapping, it often leads to
overestimation of effects due to the arbitrary significance thresholds set, which sometimes leads to poor
trait predictions (Korte et al., 2013a). Similarly, the population structure and kinship within an association
mapping population leads to spurious associations, hence predicting false positive marker-trait association

(Zhao et al., 2007a). In addition, the detection of marker-trait association using association mapping is
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influenced by allele frequency distribution within a population and therefore, it’s difficult to identify a
causative rare allele (Myles et al., 2009), leading to biased estimation of effect and poor prediction of

performance of individuals (Rafalski, 2002).

2.8. Genomic selection (GS)

Genomic selection is a type of marker assisted selection that simultaneously estimates all locus,
haplotype and marker effects across the entire genome to calculate genomic estimated breeding values
(GEBVs5) for use in trait prediction (Hickey et al., 2014; Heffner et al., 2009b; Meuwissen, 2001). It uses
high density markers covering the whole genome so that all quantitative trait loci (QTLs) affecting traits of
interest are in linkage disequilibrium with at least one molecular marker (Goddard et al., 2007). Unlike
linkage mapping and association mapping that considers only significant QTLs, GS incorporates all
markers in a population regardless of their effect at each locus, by summing all the marker effects to predict
breeding values of individuals (Lorenz et al., 2011b; Heftner et al., 2009b). This makes GS a promising
approach for predicting complex traits such as yield, quality and drought tolerance which are influenced by
many genes with small effects (Jannink et al., 2010a).

Genomic selection utilizes a training and breeding population. The training population consists of
individuals genotyped using high density genome wide markers and phenotyped for traits of interest. The
breeding or candidate population consists of individuals with only genotypic data. The genotypic and
phenotypic data obtained from the training population is used to build genomic selection models for
predicting genomic estimated breeding values of the selection candidates. The model captures total additive
genetic variance across the entire genome to estimate the genomic estimated breeding values (GEBV) of
individuals in the breeding population based on the sum of all marker effects (Hickey et al., 2014). GEBVs
are the predicted value of selection candidates based on marker effects (Goddard et al., 2007). Genome
wide markers are treated as random effects and all marker effects on the phenotype are estimated
simultaneously in a single model. The superior individuals from the candidate population are selected based
on the predicted values (GEBVs) (Hayes et al., 2001).
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Before genomic selection models are used in breeding programmes, they are validated to determine
the prediction accuracy. Prediction accuracy is the correlation between GEBVs and the true breeding
values, estimated by measuring phenotypic performance (Zhong et al., 2009a; Goddard et al., 2007).
Genomic selection in crops is projected to reduce cost of breeding (Jannink et al., 2010a), enhance breeding
efficiency by increasing prediction accuracy, increase selection intensity and benefit from rapid gain from
selection (Muranty et al., 2015; Grattapaglia, 2014). There are currently no reports of the application of GS

in tea breeding.

2.8.1. Statistical Methods in genomic selection

Genomic selection models utilize linear mixed models to estimate GEBVs while the traditional
marker assisted selection methods exploits regular linear models. Traditional MAS considers markers as
fixed effects and requires a stepwise regression approach to fit the markers singly or in small groups. Marker
effects are set at zero or to their full value depending on whether their significance is below or above the
predetermined threshold. Therefore, the marker effects are usually overestimated in QTL mapping and
association mapping (Xu, 2003).

Genomic selection was developed to overcome the shortcomings of linkage mapping and
association mapping by minimizing the biased marker effects estimation (Goddard et al., 2007). The
markers are treated as predictor variables (p) and the phenotypic measurements as response variables (n).
Molecular markers are usually more than the phenotypic measurements, implying that there are more
predictor variables compared to phenotypic observations, hence creating a “large p small n problem”
(Lorenz et al., 2011b). The degrees of freedom are not adequate for estimating all predictor effects
simultaneously using least squares approach. Even if there were sufficient degrees of freedom, a high degree
of multicollinearity among markers may occur leading to an overfitted model that exaggerates minor
fluctuations, and this consequently reduces the prediction accuracy (Lorenz et al., 2011b; Jannink et al.,
2010a). Therefore, a variety of statistical models have been developed to solve the problem of having large

markers and few phenotypes, by estimating the effect of each marker (SNP effects) to predict important
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traits. These models differ in the assumptions on variance of marker effect and the type of gene action
(Lorenz et al., 2011b). The main statistical models used include ridge regression best unbiased linear
predictor (RR-BLUP), which is equivalent to the genomic best unbiased linear predictor (G-BLUP) and
Bayesian models (BayesA, BayesB, BayesC, Bayes LASSO) (Lorenz et al., 2011b). The basic GS model
is expressed using the following equation (Moser et al., 2009);
Yi=g(xi)+ei

Where yi is an observed phenotype of individual i (i=1...n) and xi is a 1 x p vector of SNP genotypes
on individual i, g(xi) is a function relating genotypes and phenotypes, and ei is a residual term. GEBV is

generally equal to g(xi).

2.8.1.1. Ridge regression best linear unbiased prediction (RR-BLUP)

This method is also known as random regression best linear unbiased prediction (RR-BLUP). It
assumes that marker effects are random and have a normal distribution with common variance resulting in
equal shrinkage of their effects towards zero (Hayes et al., 2001). This means that the amount of shrinkage
is the same for all markers (Heffner et al., 2009b; Bernardo et al., 2007). However, the assumption that
individual markers have the same variance is not realistic for many traits exploited in plant breeding and
may lead to over-shrinking of large effects genes (Xu, 2003). Despite this limitation, RR-BLUP has been
used extensively in plant breeding and the results have been accurate and reliable (Grattapaglia et al., 2018;
Lipka et al., 2014).

RR-BLUP model is mathematically equivalent to genomic best linear unbiased prediction model
(GBLUP), which has low computational requirements and is easy to use (Endelman, 2011; VanRaden et
al., 2009). GBLUP is a linear mixed model which incorporates a marker-based genomic relationship matrix
(GRM), generated by evaluating marker covariance across all individuals (Endelman, 2011; Hayes et al.,
2009a). GS models that utilize GRM have better resolutions of genetic relationships among individuals and

result in higher accuracy compared to pedigree selection methods in plants (Crossa et al., 2010). Moreover,
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models that apply GRM can be applied to individuals with no breeding history or pedigree records (Hayes

etal., 2013).

2.8.1.2. Bayesian Estimation models

In Bayesian models, a separate variance is estimated for each marker, and the variances are assumed
to follow a specified prior distribution, resulting in unequal shrinkage of their effects (Lorenz et al., 2011bj;
Hayes et al., 2001). Bayesian models include Bases A, Bayes B, Bayes Crt and Bayes LASSO. Bayes A is
also known as Bayesian shrinkage regression model (Xu, 2003) and was originally proposed by Meuwissen
(2001). In this method, markers are assumed to have different variances and are modelled following a scaled
inverse y2 distribution (Meuwissen, 2001). It assigns t-distribution for marker effects which causes strong
shrinkage towards zero for small estimates of marker effects and less shrinkage for sizable estimates of
marker effects.

Bayes B was developed by Meuwissen (2001). It assumes that marker effects follow a t-
distribution, and most loci have no effect on the trait and hence most markers are left out of the prediction
model. The Bayes B models presumes that the trait is controlled by few loci that vary in effect size (Lorenz
et al., 2011b). These markers are represented by the point mass at var () = 0, and therefore allows markers
with no effects to be incorporated. Similarly, markers included in the model have effects sampled from
distributions with different variances. This model is more realistic because some regions of the genome are
not associated with QTLs affecting a trait and therefore have a zero-effect estimate (Meuwissen, 2001).
Compared to other Bayesian methods, Bayes B is more accurate and is also less computationally demanding
(Heffner et al., 2009b).

Bayes Crt method is similar to Bayes B except that it assigns normal distribution to nonzero marker
effects. Marker effects included in the model are sampled from the same distribution whose variance is
estimated from the data. This gives Bayes Cn more flexibility to model oligogenic to polygenic traits

(Lorenz et al., 2011D).
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Bayesian least absolute shrinkage and selection operator (Bayes LASSO) has an exponential prior
on the marker variances giving a double exponential distribution for the marker effects resulting in more
shrinkage for small marker effects and less shrinkage for large effects. It allows some predictor variables
to have variance equal to zero and performs continuous shrinkage of the remaining variables simultaneously
(Lorenz et al., 2011b). This makes Bayes LASSO a suitable model when major genes are present. However,

it only selects n predictor variables at most and does not perform well when the variables are correlated.

2.8.2. Factors affecting the accuracy of genomic selection models

In genomic selection, a model that produces high accuracy (r) is desirable. Statistically, accuracy
is the degree of similarity between the true value and an estimated value (VanRaden et al., 2009). In
genomic selection, accuracy of selection is the correlation between genomic estimated breeding values
(GEBVs) and the true breeding value (Lorenz et al., 2011b). The true breeding value is the estimated
breeding value (EBV) and is predicted using traditional methods that utilize phenotypic data (Asoro et al.,
2011b; Heffner et al., 2009b). This correlation provides an estimate of selection accuracy and directly
relates GEBV prediction accuracy to response in selection (Asoro et al., 2011b). GS models are evaluated
by measuring the prediction accuracy derived from the breeder’s equation; R = ircA/T, where R is the
response from selection, i is the selection intensity, r is the selection accuracy, A is the square root of the
additive genetic variance and T is the length of time to complete a breeding cycle (Falconer et al., 1996).

In Gs, one or more markers should be in linkage disequilibrium with every gene affecting the trait
of interest (Hickey et al., 2014), and therefore an increase in the number of LD steadily improves the
prediction accuracy (Asoro et al., 2011b). Similarly, the marker type and density influence the prediction
accuracy (Hayes et al., 2013). Studies have shown that dense genome wide markers are preferable to cover
as many QTLs as possible, and therefore increasing the prediction accuracy (Crossa et al., 2010; Meuwissen
et al., 2009). The level of LD between a marker and a QTL can be used to determine the optimum marker
density required to achieve a high prediction accuracy (Lorenz et al., 2011b). This implies that more

markers are required if the linkage disequilibrium between SNPs and QTL is not adequate.
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A large training population is required to accurately estimate marker effects, which lead to
improved prediction accuracies (Jannink et al., 2010a). Meuwissen (2001) reported a positive significant
correlation between the training population size and prediction accuracy. Other studies have shown that
increasing training population size increased the prediction accuracy by 20% (Lorenzana et al., 2009).
Similarly, the training population used in training the GS models should be closely related to the breeding
population (Crossa et al., 2017; Hickey et al., 2014).

Trait heritability is a key factor that impacts on the accuracy of GS (Heffner et al., 2011). Traits
with high heritability increases the GS accuracy (Riedelsheimer et al., 2012). The heritability of a trait
significantly affects the response to selection and improves the efficiency of GS over phenotypic selection
(Zhang et al., 2017a; Hayes et al., 2009a). High heritability leads to increased gain from selection for the

traits of interest (Lorenz et al., 2011b).
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Abstract

Conventional tea breeding has been successful at delivering improved varieties using field selection
and hybridization for many years. However, the long tea breeding process, emerging pests and diseases and
climate change pose formidable challenges. A few studies aimed at accelerating tea breeding and improving
selection precision through marker assisted selection (MAS) have been conducted in the past. However,
linkage mapping and association mapping have not been successful in effectively driving practical MAS in
tea breeding, because most of the important traits such as yield, quality, and tolerance to drought are
quantitative in nature with a complex inheritance pattern. Genomic selection (GS) can address some
limitations of conventional tea breeding and classical marker assisted selection techniques. GS uses whole
genome-wide prediction models to estimate genome estimated breeding values (GEBVs) of a candidate
population. With the decreased cost of genotyping and advanced genotyping tools, GS adoption in tea
breeding has the potential to shorten the length of developing superior varieties, increase selection intensity
and improve the accuracy of selection. The large amount of phenotypic and genomic information in many

tea breeding programmes and development of many computational methods provide opportunities to
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enhance the adoption of GS in tea breeding. GS has been applied successfully in animal breeding and in
several crops such as wheat, maize, oil palm and forest trees with promising results. However, it has not
been applied in tea improvement. In this paper, we review the conventional tea breeding process and its
limitations and discuss current application of marker assisted selection in tea breeding. We then propose a
GS framework/strategy for its implementation in tea breeding programmes.

Key words; Conventional tea breeding, marker assisted selection, genomic selection

3.1. Introduction

Tea (Camellia sinensis (L) O. Kuntze) is a perennial tree plant (2n =30) that belongs to the genus
Camellia in the family Theaceae (Chang, 1981). It is an important crop in many developing countries
located mainly in Asia, Africa and South America, due to its’ economic, medicinal and cultural values
(Mondal, 2014b; Chen et al., 2012). The two main varieties of tea cultivated worldwide are Camellia
sinensis var. sinensis (CSS; Chinese type) and Camellia sinensis var. assamica (CSA; Assam type) (Yao et
al., 2012a), both of the genomes have recently been sequenced (Wei et al., 2018b; Xia et al., 2017b).
Camellia sinensis var. sinensis has a genome size of 3.1 Gb (Wei et al., 2018b), while Camellia sinensis
var. assamica has a 3.02 Gb genome size (Xia et al., 2017b). Tea is a diploid (2n=30) (Kondo, 1977), self-
incompatible and hence highly heterozygous plant (Muoki et al., 2007; Wachira et al., 2005). Natural
polyploids in tea also exist (Devarumath et al., 2002; Wachira et al., 1991).

Conventional tea breeding has been practised since 1939 (Mondal, 2014a) and has resulted in the
development of many improved tea varieties (Mukhopadhyay et al., 2016). However, it is labour intensive,
expensive, time consuming, influenced by the environment and has low selection accuracy (Xu et al.,
2018a; Mukhopadhyay et al., 2016; Mondal, 2014b). Plant breeding of major crops has moved from being
completely based on phenotypic selection to genotype-based selection due to the improvement in molecular
biology and high-throughput genotyping technologies (Leng et al., 2017; Varshney et al., 2014).

Linkage mapping (Ye et al., 2018; Koech et al., 2018b) as well as association mapping (Jin et al.,
2016) studies have been applied in tea research. However, the main limitation of linkage analysis and
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association mapping is that they do not quantify the effects of the small QTLs influencing quantitative traits
(Heffner et al., 2009a). Only a few major QTLs are identified while the causative rare alleles which
influence important quantitative traits are overlooked (Wang et al., 2018b). The solution to the limitations
associated with linkage analysis and association mapping could be addressed by genomic selection
(Grattapaglia et al., 2018; Crossa et al., 2017). In GS, all marker loci are simultaneously assessed including
markers with small effects that might be too small to be significant, hence improving genetic gain from
selection (Jannink et al., 2010a; Meuwissen et al., 2001). The use of GS in tea breeding could lead to higher
selection gains, shortened selection cycle and quicker development of new varieties, improvement of
multiple traits simultaneously, and reduced genotyping and trialing costs (Steve Tanksley, Pers. com, June
2017, NSIP). Genomic selection has successfully been applied in improvement of domestic animals
(VanRaden et al., 2009; Hayes et al., 2009¢) and is increasingly being applied in many crops (Sverrisdottir
et al., 2017; Song et al., 2017) and trees (Grattapaglia et al., 2018; Kwong et al., 2017). However, GS has
so far not been conducted in tea. In this paper, we review the conventional tea breeding process, marker

assisted selection and a proposed GS framework for its implementation in tea breeding programmes.

3.2. Conventional tea breeding

Conventional tea breeding relies on phenotypic selection of promising tea varieties based on
breeders’ experience and the existing genetic diversity (Corley et al., 2018). It has been the main method
used in selecting improved tea varieties in many countries (Mondal, 2014a; Yao et al., 2012b). All the teas
cultivated worldwide originated from India and China and were introduced to other countries either directly
or indirectly from these two countries (Meegahakumbura et al., 2016). Field selection and hybridization are
the main approaches used in conventional tea breeding (Corley et al., 2018; Mondal, 2014b). Field selection
involves identification of superior bushes in naturally existing seedling populations (Chen et al., 2007b).
Promising bushes are selected and established as bi-clonal and polyclonal seed gardens (Carr, 2018). The
resulting seedlings were used as parents, which have given rise to the current germplasm through crossing
and selection (Meegahakumbura et al., 2018b; Carr, 2018).
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Recently, modern methods of conventional tea breeding involve artificial hybridization of selected
parents or with wild relatives (Meegahakumbura et al., 2018b; Sharma et al., 2010). Hybridization methods
are either natural or controlled (Mondal, 2014a; Chen et al., 2007b). Natural hybridization involves using
bi-clonal or polyclonal seed baries that are planted in an isolated field, allowed to flower and cross pollinate
naturally (Corley et al., 2018; Mondal, 2014b). The F1 seeds from these baries are harvested, planted and
the superior seedlings are selected for important traits such as yield, quality and drought tolerance.
Promising seedlings are multiplied and exposed to multilocational trials to test for genotype x environment
effects (Kamunya et al., 2010), and the stable varieties are multiplied and released for commercial planting
(Corley etal., 2018). Polyclonal seed baries involve planting several tea bushes together, and this introduces
more variability among the F1 seeds. However, it is difficult to identify the parentage of offspring resulting
from polyclonal seed baries, unless molecular markers are used (Hou et al., 2006; Tanaka et al., 2005b). In
controlled hand pollination, two parents with known characteristics are crossed manually by hand and
subsequent generations monitored and selected for progenies with desired traits (Meegahakumbura et al.,
2018b; Corley et al., 2018). The main limitation of controlled hand pollination is that the success rate is
very low (Ariyarathna et al., 2011), and many crosses are required, hence making it expensive and labour

intensive process (Corley et al., 2018).

3.2.1. Conventional tea breeding at Unilever Tea Kenya (UTK)

The standard method of developing superior tea varieties at Unilever Tea Kenya (UTK) is as
described in Figure 1. Parents with desirable traits (yield, quality, drought tolerance, pest and disease
tolerance) are selected and crossed during the first year. The seeds are germinated and allowed to grow in
a tea nursery for one year, before being established in the field as hand pollinated trials (HPT). Hand
pollinated trials are single progeny trials and each seedling is distinct from each other. Yield data from the
HPTs are recorded for 3 years for each of the single bushes separately and the best 20% of the seedlings
are selected, and vegetatively propagated in the tea nursery. Mini clonal trials (MCTs) are established in a

completely randomised block design, consisting of 12 plants per clone replicated twice. Evaluation for yield
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and other traits in the MCT is recorded for 5 years, and desired genotypes are selected and vegetatively
propagated in the nursery for one year and then established as clonal field trials (CFT). In CFTs, the clones
are planted in a completely randomised block design, consisting of 16 plants per clone replicated twice at
different sites to test for the effects of genotype by environment interaction. CFTs are recorded for a further
5 years and superior varieties are selected, bulked for 3 years and released for commercial planting. The
time required to develop tea varieties at Unilever Tea Kenya is 16 years (Figure 2). However, it could be

reduced to 12 years if varieties are required with urgency for replanting (Table 2).

Pollination to seed harvest
1year

Germination and nursery

1year
HPT
| 2years
Cloning and nursery
1year

i

MCT

| 5 years
Selection & nursery
1 years

= * Conventional breeding-16 years

| 5 years

Bulking, registration &
commercial release

Figure 2 Conventional tea breeding at Unilever Tea Kenya Limited (HPT-hand pollinated trial,

MCT-mini clonal trial, CFT- Clonal field trial).
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Table 2. Accelerated tea breeding process at Unilever tea Kenya when the demand for varieties is

high for replanting.

Year Operation

0 Controlled crossing of selected clones

1 Seedlings in nursery; micro-manufacture for preliminary quality evaluation.

2 Field planting of seedlings; at least 100 per cross, if available, include standard clones

3 Yield recording of seedlings

4 Flush-shoot cuttings from the best 30% of seedlings to nursery; continue yield recording

5 Highest-yielding 20% of clones to phase 1 field trial, based on two years’ records from seedlings; two
replicates of 16-bush plots, plus standard clones

6-9 Yield recording of phase 1clone trial; mini-manufacture from highest yielders for quality assessment.

7-8 Cuttings from clones which yield sufficiently better than standard clones

8-9 Plant phase 2 multi-location trials with best clones; two replicates of 16-bush plots at four or five
sites, representing important agroecological zones. Prune phase 1 clone trial; record trash weight and
speed of recovery. Possible release for planting in same zone as phase 1 clone trial.

10-13 Yield recording of phase 2 multi-location trials
Continue recording phase 1 trial for second cycle

10-11 Plant multiplication blocks of best clones

12-13 Release for commercial planting

Source: (Carr, 2018).

Conventional tea breeding is well established in the major tea growing countries and has led to

development of many superior varieties (Meegahakumbura et al., 2016; Mondal, 2014b). At UTK, varieties

developed through breeding are superior (better yield, quality and resistant to drought) compared to seedling

genotypes (Corley et al., 2018). Historical records show that yield recorded in some of the commercial

fields at Unilever Tea Kenya have ranged from 5.2 t ha 'yr' (seedling tea) to 9.2 t ha 'yr"! for improved

varieties (e.g. BB 35) (Table 3).

Table 3. Highest recorded yield at Unilever Tea Kenya Limited for the commonly grown commercial

tea varieties compared to seedling tea at Koiwa estate.

Genotype/Cultivar Selection criteria(s) Maximum yield (t mt ha™' yr 1) Year of planting
Seedling Unselected 5.2 1950
CLONE95 Quality 8.9 1989
CLONE98 Drought 8.3 2002
CLONES Yield 9.2 2014
CLONEI101 Quality 6.9 1995

Source: Unilever Tea Kenya Limited.
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In Eastern Africa, Kamunya et al. (2012) reported the yield range from 4.0 t ha' (CLONE106) to
6.0 tha! (CLONE103) (Table 4). Similarly, in Southern Africa, the improved clonal teas are more superior
compared to the seedling cultivars (Carr, 2018; Ellis et al., 1995). Many improved tea varieties have also
been developed through breeding and clonal selection in other countries such as India (Das et al., 2012),
China (Chen et al., 2007b), Sri Lanka (Gunasekare, 2012), Japan (Tanaka, 2012), Vietnam (Toan et al.,

2005), Indonesia (Arfin et al., 1999) and Korea (Jeong et al., 2005).

Table 4. Some commonly grown commercial cultivars in East Africa and recorded highest yields

Genotype/Cultivar | Selection criteria(s) Maximum yield (t mt ha™' yr ') | Year of release
CLONE106 Yield and anthocyanin | 4.0 2011
CLONE103 Yield 6.0 2008
CLONE102 Yield 6.0 2008
TRFK 301/5 Yield and cup quality 5.9 2001
TRFK 301/4 Yield and cup quality 4.8 2001

Source: Kamunya et al. (2012).

3.2.2. Limitations of phenotypic selection in tea improvement

Conventional tea breeding has resulted in many improved varieties in many countries (Chen et al.,
2007b). However, it is a labour intensive and time-consuming process (Xu et al., 2018a; Corley et al., 2018).
Tea is a perennial crop with a long gestation period; it takes between 3 to 6 years for tea to grow from
seedling to flowering (Mondal et al., 2004). According to Chen et al. (2007b) it can take between 22-25
years to develop improved varieties.

The selection process in conventional tea breeding leads to narrowing of the existing genetic
diversity in tea, since farmers plant the few commercially released superior clones (Mukhopadhyay et al.,
2016; Wachira, 2002). The controlled hand pollination process in tea has low success rates (Mondal, 2014b;

Ariyarathna et al., 2011), and therefore many crosses are conducted resulting in high labour costs (Corley
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et al., 2018). The tea plant also has a short flowering period of between 2—3 months in a year, and this limits
the number of crosses that can be conducted in a year (Mondal, 2014b).

Genotype by environment interaction (G x E) is known to significantly impact important agronomic
traits in tea such as yield (Wachira, 2002) and quality (Msomba et al., 2018; Lubang'a et al., 2015).
Detecting progenies that possess favourable alleles across all loci is extremely difficult using phenotypic
selection alone (Collard et al., 2005), and G x E may lead to inaccurate prediction of promising tea varieties

(Kamunya et al., 2010).

3.3. Marker assisted selection (MAS)

Marker assisted selection involves the identification of genetic markers linked or close to a gene
controlling a specific trait. Before marker assisted selection is utilised in plant breeding, molecular markers
influencing important traits are identified through genetic mapping and validated (Collard et al., 2008;
Collard et al., 2005). Genetic maps are important tools for implementing QTL analysis and MAS and are

constructed using linkage mapping and association mapping techniques (Xu et al., 2018a).

3.3.1. Linkage (QTL) mapping

QTL mapping involves determination of associations between specific DNA markers and
phenotypic traits of interest in a segregating bi-parental population (Collard et al., 2005). The first linkage
map in tea was reported by Hackett et al. (2000), using AFLP and RAPD markers. The map had a length
of 1349.7 cM and 126 markers with an average distance of 11.7 cM between loci and 15 linkage groups,
corresponding to the haploid number of tea were identified. However, the map was assembled using
markers from female parents only and therefore the majority of markers had unexpected segregation ratios.
Later, Huang et al. (2005) constructed a linkage map with AFLP markers using female and male parents.
Kamunya et al. (2010) developed a tea linkage map using RAPD, AFLP and SSR markers. The map
contained 30 linkage groups and the length was 1,411.5 cM with a mean interval of 14.1 cM between loci.

Twenty-three putative yield QTLs were detected in the 2 environments studied. However, these studies
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used a small mapping population size comprising of only 42 offspring and therefore further validation steps
were recommended before utilising the markers. The first high-density reference linkage map of tea was
developed using SSR markers (Taniguchi et al., 2012). The core map had 15 linkage groups, with a total
length of 1218 c¢cM (Taniguchi et al., 2012). Ma et al. (2014) constructed a moderately saturated genetic
map with 406 SSR markers from 183 genotypes that had diverse catechins content. The map had 15 linkage
groups with a map length of 1,143.5 cM and 2.9 cM locus spacing. Twenty five QTLs linked to catechins
were identified (Ma et al., 2014). Similarly, Tan et al. (2016b) constructed a saturated genetic map
comprising of 15 linkage groups, with a length of 1226.2 ¢cM and an average marker distance of 2.5 cM. A
total of 15 QTLs were identified that were associated with timing of spring bud flush, young shoot colour,
mature leaf length, mature leaf width and leaf shape index (Tan et al., 2016b). Recently a moderately
saturated genetic map with a length of 1441 ¢cM was developed using RAPD, AFLP and SSR markers
(Chang et al., 2017). Japanese and Korean cultivars were used to make double pseudo-test crosses of 79 F1

mapping population.

3.3.1.1. Limitations of QTL mapping

Developing a mapping population is time-consuming, tedious and an expensive process, as it
involves crossing two genetically divergent parents, differing in the traits of interest (Semagn et al., 2006b;
Collard et al., 2005). However, the success rate of crossing tea is always low since many flowers abort
(Ariyarathna et al., 2011). Similarly, tea is a perennial crop with a long generation time and it takes between
3 to 6 years for tea to grow from seed to flowering (Mondal, 2014b).

The available resources for conducting QTL mapping limit the size of the mapping population to
be used, and this significantly affects the accuracy of detecting QTL positions and effect estimates (Heffner
et al., 2009a; Schon et al., 2004). Land is a scarce, expensive and treasured resource in many countries, and
this limits the number of linkage mapping experiments that can be conducted. In addition, it is expensive

to employ skilled labour specifically for hand pollination and maintaining seedlings in the nursery and in
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the field. Moreover, a marker validation step is required in QTL mapping, which is expensive and could
limit the effectiveness of biparental populations for MAS in plant breeding (Bernardo et al., 2007).
Biparental populations used in QTL mapping are small and only capture a small portion of the total
genetic variation, hence do not represent the whole breeding population (Xu, 2010b). Studies conducted in
tea, have shown that the small population used in QTL mapping leads to overestimated and spurious QTL
effects (Kamunya et al., 2010). Additionally, the statistical methods used in linkage analysis are not
adequate for improving quantitative traits, that are controlled by many genes each with small effect (Jannink

et al., 2010a; Heffner et al., 2010).

3.3.2. The future of tea breeding: key traits and marker-traits analysis

Association mapping is a population-based method used to detect and map QTLs based on
significant association of molecular markers and phenotypic traits (Gupta et al., 2005). It exploits the
historical linkage disequilibrium to identify marker-trait relationships within a natural non-biparental
population (Pasam et al., 2012), resulting in higher mapping resolution (Yu et al., 2011; Stich et al., 2010).
Association mapping was first applied in human genetics to study associations between QTLs and diseases
(Hindorft, 2009). More recently, association mapping has been applied in many crops (Soto-Cerda et al.,
2012b; Hall et al., 2010; Sorrells et al., 2009). However, very few association mapping studies have been
conducted in tea. SNPs associated with caffeine content were identified, validated and recommended for
use in marker-assisted selection for tea quality improvement (Jin et al., 2016). Similarly, Su et al. (2016)
studied association between quality traits in tea and markers in China, detecting 2211 pairs of loci of which
259 had significant linkage disequilibrium with the traits (D>0.5). 19 EST-SSR markers were found to be
significantly associated with polyphenols, total free amino acids and caffeine. Findings from this work can

be applied directly in improvement of tea quality (Su et al., 2016).
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3.3.2.1. Advantages of association mapping

Association mapping is conducted on the existing natural population, which is readily available
and therefore identification of QTLs does not involve developing a bi-parental population which is
expensive and time-consuming. Similarly, there are higher levels of genetic recombination within an
association mapping population, which leads to a higher resolution compared to the bi-parental population
applied in QTL mapping (Heffner et al.,, 2009b). Additionally, many alleles can be evaluated
simultaneously for one locus, and this ensures effective gene tagging and accurate identification of markers
for use in marker assisted selection. Association mapping is also more cost effective compared to QTL
mapping since many traits can be investigated using the same panel of accessions and genotypic data

without the need for an expensive validation procedure (Breseghello et al., 2006).

3.3.2.2. Limitations of association studies

Although association mapping leads to a greater resolution compared to QTL mapping, it often
leads to overestimation of effects due to the arbitrary significance thresholds set, which sometimes leads to
poor trait predictions (Heffner et al., 2009a; Schon et al., 2004). Similarly, the population structure and
kinship within an association mapping population may lead to spurious associations, hence predicting false
positive marker-trait association (Zhao et al., 2007b). In addition, the detection of a marker-trait association
is influenced by allele frequency distribution within a population and therefore, it is difficult to identify a
causative rare allele (Myles et al., 2009). This may lead to biased estimation of effect and poor prediction
of performance of individuals (Rafalski, 2002). Even when a potentially useful allele is identified, it may
be present in a poor quality or yield individual, meaning significant backcrossing may be needed to allow

the allele to be introgressed into elite germplasm — a very long process in tea.

3.4. The future of tea breeding: a new framework based on genomic selection
GS is a type of MAS that simultaneously estimates all loci, haplotype and marker effects across the

entire genome to produce an estimate of the GEBVs of individuals (Heffner et al., 2009a; Meuwissen et al.,
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2001). A training population with phenotypes and genotypes are used to estimate GEBVs using prediction
models, based on the association between genotypes and phenotypes. The model captures total additive
genetic variance across the entire genome to estimate GEBVs among the selection candidates based on the
sum of all marker effects (Lorenz et al., 2011a; Heffner et al., 2010; Heffner et al., 2009b). In GS, markers
are treated as random effects and all marker effects are estimated simultaneously in a single GS model, with
the use of part of the dataset as a validation of the model, predicting phenotypic values from genotypes and
then testing against actual recorded phenotypic values to give a correlation score (Lorenz et al., 2011b;
2011a; Heffner et al., 2011; Hayes et al., 2009b). Subsequently, GEBVs are estimated for a common or
closely related breeding population using only genotypic data, for use in selecting good breeding candidates
(Heftner et al., 2009b; Goddard et al., 2007; Meuwissen et al., 2001), followed by selection of the offspring
and recrossing without gathering phenotypic data. GS has the potential of shortening breeding cycles of
crops, increasing selection intensity and improving the accuracy of selection (Grattapaglia et al., 2018;
Crossa et al., 2017).

In GS, the number of molecular markers are usually greater than the number of phenotypic
measurements, implying that there are more predictor variables compared to phenotypic observations,
hence creating a “large p and small n problem” (Lorenz et al., 2011a). The degrees of freedom are not
adequate for estimating all predictor effects simultaneously using the ordinary least squares approach
(Lorenz et al., 2011a). Even if there were sufficient degrees of freedom, a high degree of multicollinearity
among markers may occur leading to an overfitted model that exaggerates minor fluctuations, and
consequently reduces prediction accuracy (Wang et al., 2018b; Grattapaglia et al., 2018; Lorenz et al.,
2011a; Jannink et al., 2010b). A variety of statistical models have been developed to solve the problem of
having large numbers of markers and few phenotypes, by estimating the effect of each marker (SNP effects)
and accurately predicting traits of economic importance such as yield, quality, resistance to biotic and
abiotic stresses. These models differ in the assumptions on variance of marker effect and the type of gene
action (Lorenz et al., 2011b). The main statistical models used in genomic selection include ridge regression
best linear unbiased predictor (RR-BLUP), genomic best linear unbiased predictor (G-BLUP), Bayesian
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models (BayesA, BayesB, BayesC, Bayes LASSO) and machine learning (Wang et al., 2018b; Lorenz et
al., 2011a). The accuracy of genomic selection is affected by linkage disequilibrium (LD) between markers
and QTL, marker type and density, number of QTLs affecting the trait, heritability, the model, size and
structure of the population, genetic relationship between the training and the breeding population and

genetic architecture of traits (Wang et al., 2018b; Zhong et al., 2009b).

3.4.1. Implementation of GS in other crops

GS has successfully been tested in many crops with success e.g. wheat (Juliana et al., 2017; Bassi
etal., 2016), cassava (Wolfe et al., 2017), maize (Cerrudo et al., 2018; Crossa et al., 2013), oil palm (Kwong
et al., 2017), potatoes (Stich et al., 2018), forest trees (Grattapaglia, 2014) and rice (Spindel et al., 2018).
In oil palm, crosses are made, and individuals selected based on markers alone hence limiting the use of
progeny tests to the training of the GS model (Cros et al., 2014). In forest trees, high prediction accuracies
have been obtained which are greater than or equal to those obtainable by pedigree-based phenotypic
selection (Grattapaglia, 2014; Denis et al., 2013). In rice breeding, GS has been implemented as shown in
Figure 3. Crosses are made and about 20,000 progenies are developed. GEBVs are estimated from the F3
population using a suitable GS model, and selections are made until the F8 generations (Spindel et al.,

2018).
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Figure 3. Rice breeding pipeline that integrates GS. Whereby; OYT (observational yield trial), RYT

(replicated yield trials), MET (multi-environment trials) (Spindel et al., 2018).

3.4.2. Genomic selection in tea breeding

The major challenge facing all tea breeding programmes is the long generation interval, as it takes
between 3 to 6 years for tea to grow from seedling to flowering (Mondal, 2014b). The breeder’s equation
is (4G = ircA/L), where i is the intensity of selection, r is the selection accuracy (heritability), cA is the
additive genetic variance and L is the breeding cycle interval. Adopting GS in tea breeding can potentially
increase i since large numbers of progenies at the nursery stage can be predicted using only molecular
marker data. Moreover, GS uses realized genomic relationship matrix that increases the accuracy of
estimating A and GEBVs (Grattapaglia et al., 2018; El-Dien et al., 2018).

The greatest impact of GS on the genetic gain in tea breeding will be from decreasing (L). The
period required to conventionally develop an improved tea variety is between 22-25 years (Chen et al.,
2007b), which includes crossing, field evaluation of progeny crosses and performing selections, and

propagation of selected improved materials vegetatively. GS promises to significantly reduce the length
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required to develop improved varieties and hence increase genetic gain per time unit by bypassing some of
the field-testing steps. By adopting GS in tea breeding, the phenotypes of the breeding population could be
predicted at very early stages when the seedlings are still in the nursery. In addition, implementation of GS
in tea breeding will allow simultaneous and early selection for multiple traits in many individuals, which is
not possible in conventional tea breeding. Similarly, the use of accurate GS models and reduced genotyping

cost will lead to improvement in the efficiency of the tea breeding programme.

3.4.3. Genomic selection: case for Unilever

At the time of writing, there have not been any trials of GS in tea breeding. Adoption of GS in tea
breeding is expected to improve the accuracy and reduce the time and cost of developing improved varieties.
We have proposed a scheme for implementing GS in the UTK breeding programme (Figure 4). The scheme

takes advantage of the increase in genetic gains generated by developing an improved tea variety in 7 years.
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Figure 4. Proposed GS implementation method in tea breeding programmes. Whereby; CFT- Clonal

field trials, GS (Genomic selection), GEBVs (Genome estimated breeding values).

Parents in the germplasm garden with traits of interest are selected and crossed manually (hand
pollination). Hand pollination and seed maturation process takes one year. The mature seeds are pre-
germinated in the seed germination room and planted in the nursery for one year. While in the nursery,
DNA is extracted from the seedlings, genotyped and GEBVs estimated. The seedlings with the highest
GEBVs are selected, flush shoots obtained from them and propagated in the nursery. The propagated shoots
are allowed to grow for one year in the nursery and planted in the field as CFTs at different sites to test for

genotype by environment interaction (G x E). Yield, quality and drought tolerance data is collected from
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the CFTs for 4 years. Clones that are stable and superior across the sites and at specific sites are selected,

released and bulked for commercial planting after 4 years of data collection in the CFTs.

3.4.4. Implication of GS in tea breeding

The best way of gaining more from GS in tea breeding is by applying GS early at the nursery stage.
Conventional tea breeding has many bottlenecks namely; 1. perennial nature of tea , 2. long gestation
periods, 3. high inbreeding depression, 4. self-incompatibility, 5. lack of distinct selection criteria, 6. low
success of hand pollination, 7. short flowering season, 8. long duration of seed maturation (Mondal, 2014b).
Implementing GS in tea breeding could solve some of these challenges. The general process of applying
the proposed GS scheme involves making crosses, selecting the best seedlings based on GEBVs, field
evaluation for yield, quality and drought tolerance, testing for G x E effects and selecting superior tea
varieties for commercial planting. GS can be used in such schemes as early as the second year of crossing
hence reducing breeding cycle time drastically. When compared to phenotypic selection, this scheme can
improve genetic gain per unit time. For instance, by implementing GS using the proposed scheme whereby
the HPTs (Hand pollinated trials) and MCTs (Mini clonal trials) are bypassed, tea breeders are able to avoid
the additional lengthy and expensive phenotyping steps from 16 years (Figure 2) to 7 years (Figure 4) thus
saving time and money. Additionally, GS could be applied to individuals that have not been phenotyped
but are closely related to the training population, hence increasing the selection intensity, since less effort

and time would be required for genotyping the selection candidates compared to progeny testing.

3.5. Conclusion

Conventional tea breeding has been the main method of developing improved varieties in tea and
has served tea breeders well but there are bottlenecks, which molecular breeding could help. The literature
shows limited use of MAS especially derived from linkage mapping and association mapping in tea
improvement. GS has been successful in commercial plantation crops e.g. oil palm, bananas and forest

trees, and could be adopted in tea breeding. GS has so far not been implemented in tea and the prospects of
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applying GS to tea breeding are very promising. We have proposed one GS approach which takes 7 years
to develop an improved tea variety. Adopting this approach in tea breeding would not only improve
breeding efficiency (save time) but would also reduce the cost and increase the chance of developing

superior varieties.
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Abstract

Manufactured tea quality for Camellia sinensis (L.) O. Kuntze is an important factor as it influences
the consumer acceptability and the price of manufactured tea during international trading at the tea auction.
In the recent years, there has been an oversupply of tea in the world, and high-quality tea is given more
preference by the buyers. Consequently, most tea companies are currently investing in research focusing
on breeding and manufacturing of high-quality tea. However, evaluating tea quality is currently the most
challenging process. At present, tea quality is evaluated commercially using sensory evaluation method
based on experienced tea tasters, which can be subjective. This makes tea quality evaluation a challenging
process. It is important to evaluate the quality of tea accurately as it will benefit the consumers and tea
companies, as well as breeding programmes. Physical and chemical methods that use spectroscopy,
chromatography and capillary electrophoresis have also been developed and used to accurately evaluate tea
quality. Recently, bionics techniques such as electronic nose, electronic tongue, computer vision and multi-
sensors been developed and are promising tools in tea evaluation. Although the physical and chemical
methods are accurate and reliable, they are expensive, time consuming and require skilled personnel.

Bionics techniques are rapid, cost effective, non-destructive and easy to use, and have a potential to
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complement or replace sensory evaluation. However, more research is needed to optimize bionics
techniques and facilitate their use and adoption in quality evaluation by the tea industry.

Key words; Tea quality, sensory evaluation, analytical techniques, bionics

4.1. Introduction

Tea (Camellia sinensis (L.) O. Kuntze) quality is the main factor influencing the price of tea
(Gallaher et al., 2006) and is defined by the colour and flavour of made tea (Zheng et al., 2016a; Ho et al.,
2015; Wang et al., 2010). Fresh green leaf contains many biochemical components, which are grouped into
aroma compounds, flavonoids, alkaloids, amino acids, carbohydrates, lipids, vitamins and pigments
(Abdel-Rahman et al., 2011; Caffin et al., 2004; Harbowy et al., 1997). However, only aroma compounds,
polyphenols, caffeine and amino acids have the greatest influence on the quality of black tea (Tu et al.,
2018; Koch et al., 2018; Magagna et al., 2017; Zheng et al., 2016a; Ho et al., 2015; Owuor et al., 2007).
The polyphenols in fresh harvested tea leaves are oxidised into theaflavins and thearubigins during black
tea processing, catalysed by the polyphenol oxidase enzyme (Li et al., 2013; Kumar et al., 2013; Friedman
et al., 2005). Theaflavins contribute to the taste and colour of black tea (Ghosh et al., 2012; Owuor et al.,
1998; Owuor et al., 1994), while thearubigins contribute to the mouth feel (thickness) and colour of the tea
(John et al., 2014; Owuor et al., 2004).

The current methods used to evaluate tea quality are either subjective or objective (Chen et al.,
2018; Liang et al., 2003). Sensory evaluation using professional tasters has been used for many years to
evaluate, describe, grade and determine the price of tea (Dong et al., 2017; Liang et al., 2008; Lee et al.,
2007). The main attributes assessed by the tasters include colour, aroma, taste and mouth feel of tea liquor
and the appearance of dry tea (Zhu et al., 2017; Zheng et al., 2016b; Chen et al., 2015; Kumar et al., 2011a;
Liang et al., 2003). Although sensory evaluation is quick and practical to use, it is limited since it requires
identification and training to produce skilled and experienced professional tasters (Zhi et al., 2017; Stone

et al., 2004; Liang et al., 2003) who are not easily found (Corley et al., 2005). It is also time consuming,
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the tasters sometimes get exhausted and the approach is susceptible to many sources of variation because
of individual tasters’ preferences (Sinija et al., 2011; Bhattacharyya et al., 2008).

Chemical and physical analytical methods have also been developed for identifying biochemical
components influencing tea quality (Yashin et al., 2015; Chen et al., 2015; Liang et al., 2008; Liang et al.,
2003). Most of these techniques are objective, repeatable, reproducible and are not affected by fatigue (Zou
et al., 2018; Yashin et al., 2015; Chen et al., 2015). However, these analytical techniques are expensive to
acquire and maintain, require specialized expertise to operate and are not practical to use commercially.
There is need for the tea industry to find a universally acceptable and objective method of evaluating tea
quality (Zhu et al., 2017; Liang et al., 2003). With the current challenge of finding a reliable method of
evaluating quality in tea, we review important biochemical compounds influencing quality in tea, sensory
and objective methods that could be considered for evaluating the quality of made tea. This review will
provide some insights on the current tea quality evaluation techniques and make suggestions for future

research in the tea industry.

4.2. Tea quality attributes

4.2.1. Sensory attributes of tea

These are attributes that are described by tea tasters using the sensory organs such as tongue, nose
and eye to perceive the taste, aroma and colour of tea, respectively. Flavour is comprised of taste, mouthfeel
and aroma, while colour defines the appearance of dry tea and liquor (Ho et al., 2015). Taste, mouthfeel
and colour are formed by non-volatile compounds while aroma is produced by volatile compounds in tea
(Chen et al., 2008d; Kawakami, 1997; Yamanishi, 1995; Hara et al., 1995). Tea tasters use their experience
and descriptions such as colour and shape of dried tea leaves, colour of infused tea, brisk, astringency,
bitterness, mellowness and slight sweetness, thickness and fresh, fragrant, flowery, dull and grassy aroma

to classify and grade manufactured teas (Lee et al., 2007).
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4.3. Biochemical attributes and their influence on tea quality

Polyphenols consisting of flavonoids and phenolic acids are the main compounds known to
influence quality in tea (Abdel-Rahman et al., 2011; Caffin et al., 2004; Harbowy et al., 1997; Balentine et
al., 1997). Flavonoids are composed of flavan-3-ols (catechins), flavones, flavonols, flavanones,
anthocyanins and isoflavonoids (Botten et al., 2015; Namal Senanayake, 2013; Kumar et al., 2011a;
Hodgson et al., 2010; Mukhtar et al., 2000b). Flavan-3-ols (catechins) constitute between 60—-80 % of the
total polyphenols (Liang et al., 2003; Harbowy et al., 1997; Balentine et al., 1997) and they include (-)-
epigallocatechin-3-gallate (EGCG), (-)-epigallocatechin (EGC), (-)-epicatechin-3- gallate (ECG) and
epicatechin (EC) , (+)-gallocatechin (GC), (-)-gallocatechin gallate (GCG), (-)-catechin gallate (CG) and
(+)-catechin (C) (El-Shahawi et al., 2012b; Chen et al., 2010; Friedman et al., 2005; Zeeb et al., 2000; Lee
et al., 2000; Yamamoto et al., 1997).

Catechins influence tea quality by contributing to the characteristic properties of tea such as
bitterness, astringency and sweet aftertaste (Scharbert et al., 2005; Scharbert et al., 2004; Mahindroo, 2000).
The gallated catechins (EGCG and ECG) are astringent and give tea the bitter taste properties while the
non-gallated catechins (C, EGC and EC) are less astringent and contribute to the sweet aftertaste of tea
(Chen et al., 2014; Narukawa et al., 2011; Narukawa et al., 2010; Hayashi et al., 2010; Scharbert et al.,
2005; Scharbert et al., 2004; Hara, 2001). Oolong teas are less astringent, but have a stronger sweet taste
compared to green tea, while black tea has a combination of taste properties such as bitterness, astringency,
sweetness, malty and green/grassy tastes (Alasalvar et al., 2012; Chaturvedula et al., 2011; Lee et al., 2007).
Polyphenols are currently measured using chromatographic, spectroscopic and capillary electrophoresis

techniques and can be used as quality indicators in tea.
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4.4. Tea quality evaluation methods

4.4.1. Sensory evaluation

Sensory evaluation is a scientific method used to analyse the properties of food as perceived by the
senses of sight, smell and taste (Olafsdottir et al., 1997). In tea quality determination, sensory evaluation
relies on trained professional tasters who have developed their own language to describe various quality
attributes of made tea (Zhu et al., 2017; Dong et al., 2017; Gill et al., 2011b; Bhuyan et al., 2009). The
professional tasters use their experience and multiple sensory organs (eye, nose and tongue) to perceive the
various aspects of tea quality (Fikri et al., 2011), such as appearance (colour and shape of dried tea leaves,
colour of infused tea), taste (brisk, astringency, bitterness, mellowness and slight sweetness), mouthfeel
(thickness) and aroma (fresh, fragrant, flowery, dull and grassy) of made tea (Yu et al., 2014; Buratti et al.,
2013; Sinija et al., 2011; Bhattacharyya et al., 2008; Lee et al., 2007; Hara et al., 1995).

Sensory evaluation is the traditional method of evaluating tea quality commercially (Owuor et al.,
2006; Stone et al., 2004; Liang et al., 2003), because it is easily acceptable, approximates consumers
perceptions, it is quick and does not require the use of expensive equipment. However, it is time consuming,
requires experienced trained tasters, expensive and the tasters get exhausted when analysing a large number
of samples (Bhattacharyya et al., 2008; Yu et al., 2007; Okinda Owuor et al., 2006). It is also a highly
subjective method (Bian et al., 2013; Okinda Owuor et al., 2006). Hence, an objective evaluation system is
required for consistent evaluation of sensory tea quality (Zhu et al., 2017). Objective methods
(chromatography, spectroscopy, capillary electrophoresis) measure the chemical compounds such as

catechins, caffeine and theanine, that are known to correlate with sensory evaluation (Liang et al., 2003).

4.4.2. Spectroscopic methods

4.4.2.1. Mass spectrometry (MS)
Mass spectrometry is a powerful analytical technique used to quantify known materials, to identify

unknown compounds within a sample, and to elucidate the structure and chemical properties of different
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molecules (Griffiths, 2008). It measures the mass-to-charge ratios of ions when a sample is ionized (de
Hoffmann, 2005 ). It consists of a vacuum system, sample introduction device, an ionization source, mass
analyser and an ion detector (Steinmann et al., 2011). The complete process involves the conversion of the
sample into gaseous ions, with or without fragmentation, which is then characterized by their mass to charge
ratios (m/z) and relative abundances (de Hoffmann, 2005 ).

The first process of analysis using MS is ionization and it involves techniques such as electrospray
ionization (ESI) and matrix-assisted laser desorption ionization (MALDI) (Awad et al., 2015; Domon et
al., 2006). MS has been used in many studies to provide knowledge on the molecular mass and the structure
of catechins and caffeine in tea (Poon, 1998). For instance, Chen et al. (2007a) used MS to successfully
differentiate 40 tea samples including green tea, oolong tea, and jasmine tea by analysing the chemical
fingerprints of the samples. Additionally, Menet et al. (2004) used MALDI-TOF mass Spectrometry to
study the structure of theaflavins and thearubigins from tea extracts. SALDI-MS was also successfully
applied using TiO2 NPs as selective probes and matrices to determine the concentrations of theanine,
catechin, EGC, ECG, and EGCG in tea samples from Taiwan (Chen et al., 2013).

Liquid chromatography coupled with mass spectrometry (LC-MS) and Gas chromatography
coupled with mass spectrometry (GC-MS) are the most preferred analytically techniques for tea volatiles
and non-volatile analysis (Lee et al., 2000). LC-MS is a powerful and highly sensitive method that combines
the physical separation abilities of liquid chromatography (LC) with the mass analytical capabilities of mass
spectrometry (MS), and has been used to identify and quantify various polyphenols and amino acids in tea
(Tao et al., 2016a; Sapozhnikova, 2014; Cordero et al., 2009; Wang et al., 2008a; Lin et al., 2008; Venzie
et al., 2007; Kiehne et al., 1996). The main analysis conducted include identification of pesticides in tea
samples (Huang et al., 2009), characterization of green tea (Clifford et al., 2007), classification of black tea
(Sang et al., 2004), analysis of anthocyanin (Kiehne et al., 1997), analysis of Japanese tea quality
(Pongsuwan et al., 2008a) and studying the influence of shade on flavonoid biosynthesis in tea (Wang et

al., 2012).
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GC-MS is the most preferable technique and has been used extensively for separating, identifying
and quantifying volatile compounds in tea (Yang et al., 2018b; Ye et al., 2016; Xu et al., 2016; Lee et al.,
2013; Pripdeevech et al., 2011; Wang et al., 2009). GC-MS has been used to study individual volatile
compounds and in metabolic fingerprinting of green tea, oolong tea and black tea (Ye et al., 2012;
Kumazawa et al., 2002; Kawakami et al., 1995). It has also been used in the characterisation of aroma from
Pu-erh teas (Lv et al., 2012), discrimination of green teas from different geographical origins (Ye et al.,
2012), analysis of agricultural residues on tea (Zhang et al., 2010), quality prediction of Japanese green tea
(Pongsuwan et al., 2008a) and Longjing teas (Lin et al., 2012) and characterization of the chemical
differences between solvent extracts from pu-erh tea and black tea (Gong et al., 2012).

Although MS, LC-MS and GC-MS are robust, accurate and highly sensitive techniques of
analysing biochemical compounds in tea, they have not been used commercially in tea quality
determination. They require skilled technical people to operate, are expensive, time consuming (require

extra sample preparation techniques) and laborious.

4.4.2.2. Nuclear magnetic resonance (NMR)

NMR spectroscopy is a robust and non-destructive analytical technique that detects radiofrequency
electromagnetic signals that are produced by the atomic nuclei within molecules to reveal information of
samples (Bothwell et al., 2011). It has been used mainly for metabolite fingerprinting and measuring
concentration of chemicals in complex compounds, such as polyphenols, amino acids and carbohydrates in
plants (de B. Harrington et al., 2017; Larive et al., 2015). 'H-NMR spectroscopy has been applied in
chemical characterization and the simultaneous analysis of caffeine, gallic acid, theanine and catechins in
commercial green teas (Yuan et al., 2014). It was also used to study the metabolic behaviour of tea during
fermentation (Lee et al., 2011), finding the relationship between sensory evaluation of tea quality and
metabolite quantities in green tea (Tarachiwin et al., 2007; Le Gall et al., 2004), quantitative determination
of aluminium in tea (Koch, 1990), investigation of the metabolism of black tea via a nonspecific screening
method (Daykin et al., 2005), studying the interaction of tea catechin and epigallocatechin gallate (EGCQG),

72|Page



with the model membrane of dimyristoylphosphatidylcholine (DMPC) (Kumazawa et al., 2004), quality
assessment of green tea (Le Gall et al., 2004), discrimination by geographical origin of oolong tea (Meng
et al., 2017), metabolite profiling of Japanese tea to evaluate their quality (Tarachiwin et al., 2007) and to
investigate the effects of climatic conditions on green tea metabolites in three different growing areas of
South Korea (Lee et al., 2010).

Although NMR spectroscopy is less sensitive compared to MS, it is more reproducible, non-
destructive, requires minimal sample preparation steps, all metabolites can be detected in one measurement
and it can also be used to identify unknown compounds in complex mixtures (Mahrous et al., 2015; Emwas,
2015). However, NMR has not been used practically in commercial tea quality evaluation because it is an

expensive technique and requires skilled personnel.

4.4.2.3. Near infrared (NIR) spectroscopy

Near-infrared (NIR) spectroscopy is based on the absorption of electromagnetic radiation at
wavelengths in the range 780-2500 nm (Chen et al., 2015). NIR spectroscopy is used routinely for the
compositional, functional and sensory analysis of food ingredients, process intermediates and final products
(Osborne, 2006). It has been applied in qualitative and quantitative research including the identification of
geographical origins of teas (Zhuang et al., 2017; Ye et al., 2016; Chen et al., 2005), quantification of
polyphenols, caffeine and amino acids (Zareef et al., 2018; Liu et al., 2018; Chen et al., 2018; Chanda et
al.,2016; Lee et al., 2014b; Lin, 2009) and predicting the age of tea (Xu et al., 2011). Hyperspectral imaging
(HSI) combines the qualities of an optical spectroscopy as an analytical tool with two-dimensional object
visualization of optical imaging (Vasefi et al., 2016; Vo-Dinh, 2004). It produces a three-dimensional
output containing spectral and spatial information, corresponding to the physical and chemical
characteristics of a sample being analysed. Near infrared (NIR) hyperspectral imaging (HSI) has been used
for the classification of six different commercial teas (oolong, green, yellow, white, black and Pu-erh)
(Mishra et al., 2018b). NIR spectroscopy is a powerful analytical technique that can be used for routine

quality evaluation because it is inexpensive, does not require sample preparation, is non-destructive, several
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constituents can be measured simultaneously (Chen et al., 2018; Chen et al., 2015), it is rapid and does not
use hazardous chemicals (Panigrahi et al., 2016; Lee et al., 2014b). However, the main constraints of NIR
spectroscopy is its reliance on reference methods and model development using chemometrics, which

requires highly skilled expertise (Manley, 2014).

4.4.3. Chromatographic methods

4.4.3.1. High performance liquid chromatography (HPLC)

HPLC is an analytical separation technique that utilize a liquid mobile phase and a solid stationary
phase to isolate and measure the quantities of compounds in samples (Forgacs et al., 2003). The samples
are separated based on their interaction with the solid and mobile phases. HPLC consists of a pump, injector,
chromatographic column, thermostatically controlled oven, detector and computer for data analysis (Yang
et al., 2007; Forgacs et al., 2003). The main detectors in HPLC include ultraviolet-visible (UV-vis),
fluorescence, refractive index, electrochemical and mass spectrometry detectors (Kumamoto et al., 2000).
HPLC is the most common method of evaluating polyphenols, alkaloids, amino acids and carbohydrates in
tea (Yashin et al., 2015; Novak et al., 2010; Lv et al., 2009; Cordero et al., 2009; Yamauchi et al., 2008;
Pelillo et al., 2004; Sano et al., 2001; Wu et al., 1998). Reversed phase HPLC with UV-absorbance detection
is the most common and frequently used technique for estimating tea catechins and caffeine (Yashin et al.,
2015).

In tea analysis, HPLC has been exploited for analysing of polyphenols in green and black tea (Del
Rio et al., 2004), determination of catechins, caffeine, gallic acids (Wang et al., 2000a; Khokhar et al.,
1997), identification of green tea’s quality by measuring catechins and caffeine contents (Chen et al.,
2008a), quality assessment and quantitative analysis of flavonoids from tea samples of different origins
(Sultana et al., 2008), comparison of catechins and purine alkaloids in albino and normal green tea cultivars

(Wei et al., 2012), chemical fingerprinting for quality control and identification of green tea (He et al.,
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2015) and estimation of black tea quality by analysis of chemical composition and colour difference of tea
infusions (Liang et al., 2003).

HPLC is a very accurate and reliable method, commonly used for quantifying non-volatile
compounds in tea. However, it is expensive to acquire and maintain, requires technical expertise to operate

and the steps involved in HPLC analysis are laborious and time consuming (Kim et al., 2007).

4.4.3.2. Gas Chromatography (GC)

Gas chromatography (GC) is a separation technique using gas flow through a glass or metal column
that separates compounds based on both volatility and interaction with the liquid stationary phase. GC is
frequently used to measure volatile compounds in tea, and consists of a mobile phase (gas) and the
stationary phase (solid or liquid) (Forgacs et al., 2003; Niessen, 2001). Gas chromatography can either be
GSC (gas—solid chromatography) or gas—liquid chromatography (GLC). In GSC, the stationary phase
consists of a solid material such as silica, alumina or carbon, and is commonly used for separating
permanent gases and low-boiling hydrocarbons. For GLC, the stationary phase is a liquid, while the mobile
phase is a gas (Seneca, 2007). The main component of GC includes; a carrier gas system, injector, gas
chromatographic column, detector and a computer for processing data. GC is the main method of evaluating
volatile compounds in tea (Schuh et al., 2006; Xu et al., 2002; Guth et al., 1993; Owuor, 1992; Owuor et
al., 1988). Other modifications of GC are also available and have been used for quantifying flavour
compounds in tea and they include; headspace gas chromatography (Headspace GC) (Baptista et al., 1998),
GC coupled to solid phase microextraction (SPME-GC) (Wang et al., 2008b; Reto et al., 2007), GC with
electron capture detector (GC-ECD) (Gu et al., 2011), GC with flame ionization detector (GC-FID) (Reto
et al., 2007).

In tea, GC has been used for aroma characterisation of Pu-erh tea (Lv et al., 2012), ranking of
Japanese green tea (Pongsuwan et al., 2008b), characterization of volatile components of orthodox black
tea (Rawat et al., 2007), pattern recognition of green, black and oolong teas (Togari et al., 1995), separating

and identifying individual catechins (Dalluge et al., 2000) and comparison of teas (Shellie et al., 2000).
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Although GC is an accurate and reliable method of quantifying volatile compounds in tea, it is an expensive

method, requires skilled personnel and has many time-consuming steps.

4.4.3.3. Capillary electrophoresis (CE)

Capillary electrophoresis separates ions when an electric charge is applied to a sample in a capillary
tube. It separates ions according to their mass to charge ratio, as they move in the capillary tube. The main
methods used in CE are capillary zone electrophoresis (CZE), capillary gel electrophoresis (CGE), micellar
electrokinetic capillary chromatography (MEKC), capillary isoelectring focusing and capillary
isotachophoresis (Forgacs et al., 2003; Wright, 2002). CE and HPLC are the main techniques used for
separating polyphenols, alkaloids and amino acids in tea (Ning et al., 2010; Li et al., 2009; Lee et al., 2000).

CE has been used for tea quality estimation (Horie et al., 1998), comparative analysis of catechins
and theaflavins (Lee et al., 2000), determination of anti-carcinogenic polyphenols in green tea (Arce et al.,
1998), determination of amino acids in tea leaves (Hsieh et al., 2007), analysis of black tea theaflavins
(Wright et al., 2001) and analysis of organic anions in tea infusions (Horie et al., 1998). CE is a reliable and
reproducible method of evaluating non-volatile compounds in tea. However, CE is expensive and requires

skilled personnel (Li et al., 2009).

4.4.4. Sensory bionics techniques

Instruments that use sensory bionics technologies have sensory arrays that are sensitive to different
chemicals and have advanced pattern recognition system for reliable and automatic signal processing. These
instruments include electronic nose, electronic tongue, computer vision and multiple sensor systems which
have been used to determine the quality of tea based on the sense of smell, taste, vision and a combination

of senses, respectively (Zhi et al., 2017; Chen et al., 2015).
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4.4.4.1. Electronic nose (E-Nose)

An electronic nose is an instrument that comprises an array of chemical sensors and data processing
components for data recording and analysis (Arshak et al., 2004). It has a pattern recognition system that
mimics the sense of smell in mammalian biological systems. It detects, discriminates and classifies different
complex aromas (Chen et al., 2015; Rock et al., 2008; Bhattacharyya et al., 2005; Gardner et al., 1994). It
is made up of a pump, inlet sampling system, array of sensors and signal processing system (Pavlou et al.,
2004). E-noses analyses aroma profiles by registering signals produced by different volatile compounds
and comparing the pattern of responses produced by the samples being analysed (Rodriguez-Méndez et al.,
2016; Strike et al., 1999; Gardner et al., 1994).

The main sensors used in electronic noses include metal oxide (MOX) (Skov et al., 2005; James et
al., 2005), metal oxide semiconductor field effect transistors (MOSFET) (Smyth et al., 2012), conducting
polymer (CP), (Zoecklein et al., 2011), optical (Elosua et al., 2012), quartz microbalance (QMB) (Zampetti
et al., 2008) and surface acoustic wave sensors (SAW) (Garcia et al., 2006). In tea, an electronic noses are
used for evaluating the quality of different teas (Tozlu et al., 2018; Zhi et al., 2017; Buratti et al., 2013; Yu
et al., 2009; Tudu et al., 2009; Yu et al., 2008), categorization of aroma and flavour compounds in black
tea (Kawakami et al., 2004), classification of tea (Roy et al., 2013; Roy et al., 2012; Yu et al., 2008; Yu et
al., 2007), determination of storage time (Yu et al., 2009) and monitoring of black tea fermentation process
(Bhattacharyya et al., 2007). All these applications confirm the benefits of adopting an E-nose in routine
tea quality evaluation which include; reliability, ease of operation, cost effectiveness, rapidity and accuracy
(Chen et al., 2015; Chen et al., 2011a). Therefore, an E-nose could complement or even replace the

expensive and time-consuming gas chromatography.

4.4.4.2. Electronic tongue (Artificial tongue)
An electronic tongue (E-tongue) is an analytical instrument which artificially reproduces the taste
sensation (Escuder-Gilabert et al., 2010). It consists of low selective sensor arrays which are capable of

distinguishing various samples, a pattern recognition and multivariate calibration systems for data
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processing (Sliwinska et al., 2014; Tahara et al., 2013). The main sensors used in an electronic tongue
system are voltammetric (Ciosek et al., 2007), amperometric (Buratti et al., 2013), impedentiometric
(Cortina-Puig et al., 2007), acoustic wave (Sehra et al., 2004), optical (Sohn et al., 2005) and ion selective
field effect transistors (ISFET) sensors (Moreno et al., 2006). An electronic tongue has been used for the
determination of taste and mouth feel of black tea (Palit et al., 2010; Ivarsson et al., 2001) and green tea
(Wu et al., 2011; Chen et al., 2011a; Lvova et al., 2003), classification of different teas (Wu et al., 2006;
Scampicchio et al., 2006) and tea grades (Zhi et al., 2014; Xiao et al., 2009; Chen et al., 2008d). Several
studies have shown correlations between E-tongues and sensory evaluation results (Scampicchio et al.,
2006; Parra et al., 2006), hence it has great potential to be adopted in practical commercial tea quality

evaluation because it is cost effective, reliable and simple to use (Zhi et al., 2017).

4.4.4.3. Computer vision

Computer vision is a technique that analyses the image of samples accurately using computers
based on the physical properties such as colour and texture (Gill et al., 2011a). The colour of made tea is
measured and accurately characterized by capturing sample images with a machine vision acquisition
system and extracting the colour features with digitization (Dana et al., 2008). Classification of samples is
then conducted using statistical and modelling approaches (Gill et al., 2011a). Compared to other
techniques, computer vision systems are cost effective, consistent, fast and accurate (Chen et al., 2015; Gill
et al., 2011a). Computer vision has been applied in the monitoring and grading of tea (Gill et al., 2011a),
identification of tea varieties (Chen et al., 2008b), tea quality evaluation (Dong et al., 2017; Sharma et al.,
2013; Rakhmawati et al.) and estimation of theaflavins and thearubigins in tea samples (Akuli et al., 2016).
Computer vision is efficient in quality evaluation (Anami et al., 2009; Alfatni et al., 2008), because it is
automated, non-destructive and cost effective (Sun, 2016), and therefore could be applied for routine quality

evaluation by the tea industry because it is more objective and reliable.
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4.4.4.4. Multiple sensor system

This involves fusion of several sensors such as E-nose, E-tongue and computer vision. It mimics
the human sensory system that use multiple mammal sensory organs (eye, nose, and tongue) to perceive
the various sensory properties such as colour and flavour, and gives a final score which comprehensively
define the quality of tea (Kiani et al., 2016; Fikri et al., 2011; Huang et al., 2004). A system with multiple
sensors could improve the accuracy of determining quality properties compared to an individual system
(Lietal., 2018; Chen et al., 2015; Hong et al., 2014; Haddi et al., 2014; Cole et al., 2011). Fikri et al. (2011)
developed a human sensory imitating system that combines an E-nose and E-tongue and accurately
identified four different types of teas. Similarly, Roy et al. (2012) accurately evaluated the quality of tea
using a system that combined E-nose and E-tongue. Consequently, multiple sensor system could be

considered for commercial quality evaluation to determine the colour, taste, mouth and aroma of made tea.

4.5. Future trends of tea quality assessment

Tea quality is evaluated traditionally by professional tea tasters and the results are highly subjective
(Bian et al., 2012). Analytical approaches such as chromatography, spectroscopy and capillary
electrophoresis have been developed and are commonly used to determine polyphenols, caffeine and amino
acids, which influence tea quality (Koch et al., 2018; Punyasiri et al., 2017; Owuor et al., 2007). However,
most of these methods are time-consuming, tedious, destructive, require highly skilled personnel and
expensive (Xiong et al., 2015; Ren et al., 2013).

Sensory bionics techniques (E-nose, E-tongue, computer vision and multiple sensor) have recently
been developed and can mimic the sensory perception of human smell, taste and sight, and have been used
to determine the quality of tea (Zhi et al., 2017; Chen et al., 2015). Compared to sensory evaluation and the
physical and chemical methods (chromatography, spectroscopy, capillary electrophoresis), the sensory
bionics techniques are non-destructive, cost effective, easy to use and rapid methods, and could be applied
practically in routine tea quality evaluation. Additionally, these techniques are highly effective as they do
not require sample preparation and the use of dangerous chemicals.
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4.6. Conclusion

Recent advances in bionics, and physical and chemical methods provide opportunities for adopting
a more reliable and objective method of tea quality evaluation. Evaluation of tea quality is an important
process for tea companies and tea buyers. The traditional sensory evaluation method using professional
tasters is still dominant in commercial tea quality evaluation. However, sensory evaluation is a highly
subjective, unreliable and time-consuming method. Although spectrophotometric, chromatographic and
capillary electrophoresis techniques are routinely used to quantify catechins, caffeine and amino acids for
tea quality determination, they are expensive, require skilled personnel and are not practical for use
commercially. Recently, bionics have been developed and they imitate human senses of taste, smell, sight
and texture, and have the potential to complement or replace the current sensory evaluation methods. These
devices are cost effective, easy to use, reliable, accurate and their output correlate with human perception
of colour and flavor. However, more research and effort are required to facilitate the early adoption and

application of these new techniques in commercial tea quality evaluation.
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Abstract

Tea quality is an important, yet a complex attribute that is influenced by the manufacturing process,
variety, environmental conditions and post-harvest handling. Manufacturing of different tea varieties under
varying environmental conditions is a challenging task. The objective of this research was to investigate
the reliability of using an optimized miniature process for manufacturing newly developed varieties into
black tea for assessment of their quality potential before release for commercial planting. Four
commercially grown Kenyan tea varieties were manufactured into black tea using an optimised miniature
process. Objective colour measurements, total soluble solids, total polyphenol content and taster scores
were measured. Significant differences were observed for all the objective measurements except infusion
b*. Results of principle component analysis (PCA) and hierarchical cluster analysis (HCA) indicated
differences in the patterns of the four varieties suggesting that the new optimized miniature process was
reproducible, although still with some variation between replicates. Among the 4 varieties evaluated,
CLONES8was distinguished from the rest. However, sensory evaluation results did not differentiate the
varieties, but indicated their quality was high. Many varieties are developed in a tea breeding programme,

each with unique quality properties. Although, the present optimized miniature process can be used for
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manufacturing different tea varieties, technologies that can help in achieving optimum withering and
fermentation conditions for many tea varieties under different environmental conditions could be explored.
Objective methods of evaluating polyphenols, caffeine, amino acids and aroma compounds present in fresh
tea shoots could also be considered and used in predicting high quality black tea for the newly developed
varieties.

Key words: Black tea quality; miniature manufacture; tea breeding programme

5.1. Introduction

Tea quality is the main factor influencing price at the tea auction (Wei et al., 2011) and hence it is
an important attribute for tea companies and consumers (Mondal, 2014a). Miniature manufacture of tea
involves processing of tea in small quantities (2 — 5 kilograms of leaf samples). It is an important step in a
tea breeding programme and is used to process tea varieties that are still in trials to evaluate their black tea
quality before release for commercial planting. Miniature manufacturing of tea simulates the normal factory
process; withering (loss of moisture); maceration (softening of the leaf); cutting (breaking down the cellular
matrix and structure); fermentation (aeration); drying and sorting (Tang et al., 2018). A reliable miniature
process is highly desirable for processing many varieties under trial, to enable evaluation of their black tea
quality properties.

The current miniature process used to manufacture different samples is not reproducible. The
success of tea manufacturing is dependent on the genotype, environmental conditions (weather conditions,
soil types, season), agronomic factors (cultivation, type and quantity of fertilizer applied, plucking method,
type of leaf harvested, green leaf handling), manufacturing process and storage of made tea (Zheng et al.,
2016a). Different tea varieties have unique biochemical characteristics (Ho et al., 2015) and hence the
processing conditions for each clone is different. Environmental conditions in the field such as rainfall,
temperature and humidity fluctuate most of the time, and the processing conditions need to be optimised to
achieve high quality made tea. Similarly, the quality of the harvested shoots and handling significantly
influences the quality of made tea. In a breeding programme, many new tea varieties are evaluated, under
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varying environmental and post-harvest conditions that are difficult to control. The objective of this
research was to investigate the utilization, reproducibility and the major challenges of optimizing a
miniature process for manufacturing different tea samples and to propose methods that could be considered

for evaluating tea quality.

5.2. Materials and methods

5.2.1. Plant materials and experimental design

The plant material consisted of four popular commercial tea clones; CLONE9S is a known high-
quality variety, CLONESis a high yielding variety, CLONE37 is a high yielding and good quality clone
while CLONE101 is a high-quality clone. CLONE95 and CLONE101 are high quality standards (Gabriel
Tuwei, Pers. com, June 2016, R&D Unilever Tea Kenya). CLONE8and CLONE37 are newly developed
clones and were gazetted in 2011 by the Kenyan government. The four clones were obtained from clonal
field trials (CFT) at Jamji estate (0° 28> S and 35° 11°E), located 1733 meters above sea level in Kericho
county. Each of the 4 clones was harvested, every day for 5 days between 8am — 9am. Variabilities were
minimised by plucking two leaves with an apical bud and handling and transporting in the same way and
time prior to processing. The 5 biological replicates for each of the four clones were then manufactured

separately and subjected to quality measurements separately using objective and subjective methods.

5.2.2. Optimised miniature manufacture process of black tea

A 2 Kg of fresh shoots comprising of two leaves and a bud were harvested in June 2017 from the
clonal field trials (CFT) at Unilever Tea Kenya. The plucked fresh tea shoots were loaded in a withering
trough at 10 am and ambient air was passed through the leaves for 24 hours using a fan so that physical and
chemical withering could take place at room temperature. The withered leaves with between 67% to 72%
moisture content (mc) were cut 5 times with ball-breaking after the fifth cut using the Unilever Tea Kenya

R&D miniature crush, tear and curl (CTC) machine for 5 minutes (1 minute for each cut) for each sample.
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The crushed leaves (dhool) were fermented in an environmental cabinet (Gallenkamp cabinet) for 120
minutes at a set temperature of 32°C for 15-20 minutes for the first phase and 26°C during the second phase
up to 120" minute. Fermentation was done by turning the dhool after every 30 minutes.

During fermentation, air was blown gently into the environmental cabinet using a small fan. The
fermented dhool was dried using a miniature fluidized bed drier. The fibres were removed from the hot dry
made tea using an electrostatic fibre board. The dried leaf was then passed through different meshes (1250
pm, 1000 pm, 710 pm, 500 pum, pan) to isolate the different grades of tea. PF1 was isolated at mesh 710

pum and the samples were packed into sealed aluminium sachets for analysis.

5.2.3. Colour measurements

Colour measurement of brewed tea liquor was carried out using a chroma minolta meter (Model
CT 310) and values were calculated by the CIE system (Commission Internationale de I'Eclairage). Minolta
chroma meter is a compact tristimulus colour analyser for measuring reflective colours of surfaces
objectively. Each of the 5 biological replicates for each clone was measured and the parameters evaluated
were infusion L, a and b values. Colour measurement of dry made tea was done using a DigiEye system to
determine L*, a*, b*, chroma, hue angle and saturation for the 5 biological replicates of each of the four

clones. Samples were placed into a small petri dish, put into the DigiEye system and measurements taken.

5.2.4. Determination of total soluble solids (TSS)

A 200 ml of boiling mineral water was added into a plastic beaker containing 2 g of black tea. The
mixture was allowed to brew for 2 minutes and then filtered through two layers of muslin. The infusion
then cooled down to room temperature. A 100 ml foil tray was weighed and recorded (m1). 50 ml of tea
infusion was pipetted into the tray and weighed (m2). The foil tray was then placed in an oven at 100°C
overnight and put to a desiccator to cool before weighing (m3).

Total soluble solids were calculated using the following equation:
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%SS = (m3 —ml)/ (m2 —ml) x 100
Where, % SS = % Soluble solids in infusion, m1= Weight empty Tray, m2 = Weight tray + Tea infusion

and m3 = Weight tray + Dry tea solids.

5.2.5. Total Polyphenols analysis in black tea

The total polyphenol content was determined using a spectrophotometer by following the procedure
from ISO 14502-1:2005. Gallic acid equivalents in 0.5 g of tea powder was collected from each of the 20
samples and determined against a standard curve generated using gallic acid (Figure S5.1). The total
polyphenol content was expressed as a percentage by mass on a sample dry matter basis. 1 ml of prepared
gallic acid standard solutions (A to E) was measured using a pipette and transferred in duplicate into
separate tubes which responded to 10, 20, 30, 40 and 50 pg gallic acid standards. 1 ml of water (blank
solution) was measured in duplicate and transferred into separate disposable tubes. 1 ml of the sample was
measured in duplicate into separate disposable tubes. 5 ml of Folin & Ciocalteu working reagent was added
into each tube. After 3 to 8 minutes, 4 ml of 7.5% sodium carbonate solution was added into each tube. The
reagents were stoppered, mixed and left to stand at room temperature for 1 hour. The absorbance was

measured at 750 nmin a 1 cm cell.

5.2.6. Organoleptic tea quality evaluation

Quality scores were blindly assessed by a trained panel of three professional tasters at the Mombasa
tea auction in Kenya. All the processed teas were first infused as follows; 5.6 grams of the sample was
measured using a hand scale and transferred into an infusion pot. De-ionized water was boiled and added
into the infusion pot until it was full. The boiled water and sample were left to brew for 6 minutes. Using a
syringe, 5 ml of milk was carefully placed into each tasting bowl. The infused liquor was then filtered into
the tasting bowl containing milk and left to stand for 10 minutes before it was analysed. The residue from

the infusion was collected on the infusion cup lid. The liquor was then analysed accordingly.
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5.2.7. Statistical analysis

Analysis of variance and standard deviations for all traits were done using the GenStat statistical
software, 18th Edition (Payne et al., 2009). Significant differences among sample means were compared
using Duncan’s multiple range test at p<0.05 level of significance. Data was expressed as means + SD of 5
biological replicates with P < 0.05 representing a statistically significant difference.

Multivariate analysis using principal component analysis (PCA) and hierarchical cluster analysis
(HCA) of the traits under study was performed using Qlucore omics Explorer 3.4, to explore the clustering
of the tea samples based on the genotype. A Qlucore compatible table of the quality measurements
(variables) and samples with 3 annotations (sample code, batch and clone) was created in excel and saved
as a tab delimited file with a gedata suffix on a PC with the Qlucore Omics Explorer 3.4 software and
loaded. A total of 20 entries comprising of 4 clones replicated 5 times were analysed. A sample by trait
dimensional matrix of the data set was displayed on the heatmap where each column represents the
standardized binary measurements for a given sample. Higher values for a particular attribute is coded as
red and lower values coded as green. The intensities of red and green colours represent the proportion of

more and less respectively of a particular attribute for a given clone.

5.3. Results

5.3.1. Colour of dry made tea

Differences in colour of made tea leaf using the DigiEye were observed in the four clones, and the
results are summarized in Table 1. There were significant differences (p<0.05) for all the measured traits,
indicating variations in colour of dry tea among the four clones (Table 5).
Table 5. Mean colour measurement values for dry leaf obtained from DigiEye. Values showing *, **

and *** stand for significance at 0.05, 0.01 and 0.001 probability level, respectively.

Clone L* a* b* chroma Hue angle (°) Saturation

CLONES 18.01 7.79 14.66 17.08 55.66 42.82
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CLONE37 17.51 8.74 12.23 16.09 48.08 41.83
CLONE95 16.50 7.70 9.52 13.49 44.7 38.78
CLONEI101 17.29 8.5 11.06 15.01 46.18 40.65
CV (%) 3 4.3 13.8 6.9 8.2 2.8

MS 2.91%* 1.25%** 31.49%* 21.83%** 163.31** 17.71%+*
SD 0.819 0.65 241 1.76 5.42 1.94

The L* a* b* measurements were used to define dry leaf colour properties of the four varieties. L*
a* b* are colour space as defined by the CIE based on luminance (lightness) (L*) and a* and b* values. L*
is the lightness co-ordinate and has values ranging from 0 to 100, whereby 0 represents black while 100
characterizes white. Therefore, lower values of L* are desirable in black tea quality evaluation. L* values
ranged from 16.50 (CLONED95) to 18.01 (CLONES) respectively (Table 5), implying that CLONE9S is
darker than the other 3 clones and is of higher black colour quality. Redness and greenness are described
by a* values, and positive values indicate redness and negative values indicate greenness. The a* values
ranged from 7.70 (CLONE9S5) to 8.74 (CLONE37) (Table 5), implying that CLONE9S5 has less redness
while CLONE37 is the most red in colour. However, the range is small and not likely to be noticeable.
Positive b* values indicate more yellow colour, while negative values indicate more blue colour. In this
study, b* values ranged from 9.52 (CLONEY9S) to 14.66 (CLONES) (Table 5). Clone CLONES8had
significantly (p<0.05) higher b* values compared to the other three clones, implying that it has a more
yellowish leaf appearance.

Hue angle (h*) is a qualitative attribute where colours are described as reddish, greenish, yellowish
and bluish. It is used to define the differences in colours with reference to grey with the same lightness. An
angle of 0° or 360° characterizes red hue, whilst angles of 90°, 180° and 270° describe yellow, green and
blue hues respectively. In this study, hue angle ranged from 44.70 (CLONES) to 55.70 (CLONED9S),
suggesting that all the four clones sit within the red region of hue. CLONES8had a significantly (p<0.05)
greater hue angle compared to the rest of the clones, suggesting that it has a more yellow hues than the

other 3 varieties.
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Chroma is a quantitative attribute of colourfulness used to determine the degree of the differences

of hue in comparison to a grey colour with the same lightness. The higher the chroma values, the higher is

the colour intensity as perceived by humans. It has an open-ended scale with a zero origin representing

neutrals with no hue. Chroma ranged from 13.49 (CLONE95) to 17.08 (CLONES) (Table 5), implying that

CLONEShad a greater colour intensity than the other clones. Saturation values reflected those of Chroma

and ranged from 38.78 (CLONEY9S) to 42.82 (CLONES) (Table 5), showing CLONE8was the brightest.

Saturation refers to the intensity of colour in an image.

5.3.2. Measurement of traits relating to infused tea

There were significant clonal differences (p<0.05) for Infusion L* and Infusion a*, indicating

variations in colour of the infused tea among the four clones (Table 6).

Table 6. Mean L*a*b*, Total Solids, Total Polyphenols and sensory evaluation values. Values

showing *, ** and *** stand for significance at 0.05, 0.01 and 0.001 probability level, respectively. ns

is non-significant difference (p<0.05).

Clone Infusion L* | Infusion a* | Infusion b* | TS TPP Leaf | Taste | Mouth feel | Hue
CLONES 66.94 24.44 100.91 24.62 | 673.46 5 5 4.6 5.28
CLONE37 64.01 26.97 100.73 2478 | 676.40 5 5 4.6 5.04
CLONED95 64.10 27.34 101.31 23.59 | 574.52 5 5 4.6 5.16
CLONEI101 62.56 29.05 101.67 2498 1695.13 5 5 4.6 5.20
CV (%) 3.2 8.1 1.4 2.9 4.8

LSD (P<0.05) [ 2.82 3.02 1.92 0.98 43.26

MS 17.39%* 20.195%* 1.183 ns 2.117* | 15361%***

SD 2.37 2.57 1.37 1.25 58.08

Infusion L*, a*, b* values were obtained using a minolta chroma meter after infusing the made tea

samples. Infusion L* values ranged from 62.56 (CLONE101) to 66.94 (CLONES) (Table 6). CLONE8had

significantly (p<<0.05) the highest mean infusion L* values compared to the other clones, implying that it

has lighter liquors. Infusion a* values ranged from 24.44 (CLONES) to 29.05 (CLONE101) (Table 6),

suggesting that CLONE101 liquor is redder than CLONES. Infusion b* values ranged from 100.73
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(CLONE37)to 101.7 (CLONE101) (Table 6). However, infusion b* values were not significantly (p<0.05)
different for all the samples.

Total soluble components in tea influences the development of the flavour in tea (Someswararao et
al., 2013). Total soluble solids ranged from 23.59 (CLONE95) to 24.98 (Clone101) (Table 6). Clone95 had
significantly (p<0.05) the lower total soluble solids compared to the other three clones. However, the levels
of total soluble solids in CLONE101, CLONE37 and CLONES were not significantly (p<0.05) different
from each other.

Theaflavins and thearubigins, oxidised products of polyphenols are responsible for the taste and
colour of black tea (Owuor et al., 2007; Scharbert et al., 2004; Obanda et al., 1997). There were significant
(p<0.05) variations in the composition of total polyphenols among the clones, indicating variations in the
quality of the four clones. Total polyphenol content ranged from 574.52 (CLONE95) to 695.1 (CLONE101)
(Table 6). The levels of total polyphenols in CLONE95 was significantly (p<0.05) lower compared to the

other three clones.

5.3.3. Organoleptic tea quality evaluation

Organoleptic tea quality evaluation involves professional tea tasters who assess tea for desirable
attributes such as mouthfeel, flavour and colour of tea (Hazarika, 2012). Taste is described by astringency,
bitterness, mellowness and slight sweetness (Bhuyan et al., 2009). Mouth feel is the heaviness, thickness
and strength of tea liquor while hue is the colour of tea after infusion and it ranges from pale yellow to dark
red. Leaf is the appearance of dry tea after manufacture. Organoleptic evaluation results for the four
varieties are presented in Table 2. Taster scores results showed that taste, mouthfeel and colour of dry made
tea and infusion were not significantly (p<0.05) different among the four clones, suggesting that the tea
tasters could not differentiate the clones. However, all the varieties were scored highly on taste, and colour
of dry tea (leaf) and infusion (hue) (Table 6), implying that the mini-manufacturing process produces high
quality teas. Since all the teas are commercially grown and of acceptable quality, it is evident that the

optimised miniature process is reflective of the factory process.
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5.3.4. Multivariate analysis

5.3.4.1. Principle component analysis (PCA)

PCA was used to investigate differences among the four clones. A PCA plot was generated from
all the traits investigated with samples coloured by clone. The PCA plot explained 82% of the existing
variation in the four varieties, suggesting considerable diversity among the genotypes. From the PCA plot,
the samples were successfully divided into three distinct groups, which is an indication of differences
existing between the varieties based on their quality properties. Principal component 1 explained the
greatest variation at 47%, while principal component 2 and principal component 3 explained the least
variation at 23% and 12%, respectively (Figure 1). Clone8 and CLONE95 were separated into 2 distinct
groups while Clonel01 and Clone37 were in the same cluster (Figure 5). This suggests that this miniature
process could produce black tea reproducibly and can also allow discrimination of clones significantly

different from each other.
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Figure 5. A PCA plot was generated with samples coloured by clone.
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5.3.4.2. Hierarchical cluster analysis (HCA)

A heat map was generated with variables ordered hierarchically by characteristic (shared profile
across all clones) and by clone (shared profile across all characteristics). The HCA dendrogram (Figure 6)
shows that samples were separated into three groups, suggesting that there were differences among the
varieties. Clone CLONE8and CLONE95 were clearly differentiated, while Clonel01 and CLONE37
overlapped to form another group (Figure 6). It could also imply that Clone101 and CLONE37 could have

the same quality characteristics.

Hue E
InfusionOa™
InfusionOb™
Howg MC
TPP

TS

a
Colourfulness
chroma
Saturation
-

b
Brightness
Lightness

L

Hue %

Hue angle

InfusionOL®
Taster H

T EEwm @ o w0 DD
L e e e T T B B ol i
[ o e e T e (== ===
Lol el oo wn (=== =R ===
ol [ B3 B3 B3 BRI BRD
r [ BRI B3 B3 BRI BRI
ra PR3 B3 B3 B2 ©lownoenoenoen

Figure 6. HCA dendrogram of the 4 clones and all the measured traits.

5.4. Discussion

In this study, four commercial varieties were processed using a miniature manufacture equipped
and their quality evaluated using objective and subjective measurements. The objective quality evaluation
methods involved measuring the colour of infused tea using chroma minolta meter, colour of dry made tea
using a DigiEye, total soluble solids and total polyphenols using a spectrophotometer. Results from PCA

and HCA showed that the four varieties were differentiated, especially based on the objective tea quality

101 |Page



evaluation measurements. Particularly, CLONE8was clearly distinguished from CLONE9S5, implying that
the two varieties have different quality attributes. The fact that the tasters could not distinguish any of the
biological replicates was not surprising, despite scoring the teas as high quality. Most of the tasters are not
trained to identify quality differences between different varieties. In most cases, the tea tasters give high
scores for well manufactured teas. Therefore, relying on tea tasters alone may result in inaccurate evaluation
of tea varieties based on their quality (Chen et al., 2015). This coupled with the fact that sensory evaluation
is a highly subjective method, and different tasters may have different quality preferences for the same tea.

Tea manufacture is a complicated process involving withering, maceration, cutting, fermentation,
drying and sorting (Tang et al., 2018). Withering (chemical and physical) is an important process in tea
manufacture since it contributes to taste and aroma of black tea (Wang et al., 2018a), and therefore it should
be monitored carefully. Withering has a significant impact on the subsequent stages of tea processing
including maceration, cutting, fermentation, drying and storage (Deb et al., 2016). Chemical withering starts
immediately the leaf is plucked and it involves biochemical and physiological changes in the leaf (Han et
al., 2016). Physical withering leads to moisture loss and the turgid shoots become flaccid, making it easy
to macerate (Owuor et al., 2017). Withering is a slow and difficult process to control (Owuor et al., 2017),
hence achieving an optimised physical and chemical wither is the greatest challenge in black tea processing
(Deb et al., 2016; Owuor et al., 1997). Withering is influenced by the plucking standards, handling of the
harvested leaf, transportation and environmental conditions (rainfall, wind, temperature, soil moisture and
humidity) (Deb et al., 2016). For instance, during the rainy season, the tea plant accumulates a lot of water
in the green leaf, which requires a long withering duration. On the contrary, during the dry period and on
windy days, there are low levels of moisture in the leaves, which requires a shorter withering time. It has
been reported that long chemical and hard physical withering durations reduce the quality of black tea,
which varies with the genetic makeup of the tea (Owuor et al., 2017). Technologies to help in achieving an
optimised wither for the clones under evaluation in a breeding programme should be put in place. The ideal

situation in a tea breeding programme is to subject the newly developed clones to a uniform withering
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process. However, this is not practical because of the fluctuating environmental conditions and differences
in biochemical properties of varieties.

Fermentation process parameters such as time , temperature , oxygen , relative humidity and pH ,
are the critical factors that affect the quality of black tea and therefore should be optimised (Obanda et al.,
2001). Black tea is formed through an enzymatic process that involves oxidation of polyphenols in fresh
green tea into theaflavin and thearubigins. Theaflavins contribute to the taste and colour of black tea, while
thearubigins contribute to the mouth feel (thickness) and colour of the tea. Fermentation process parameters
should be optimised depending on the type of tea variety. Different varieties require a varying degree of
fermentation (time, temperature and relative humidity).

Additionally, post-harvest conditions such as plucking standards of tea leaves influence the quality
of black tea. It was reported that theaflavins levels, colour and tasters’ preferences decreased with coarse
plucking (Owuor et al., 1987). Similarly, storage conditions affect the quality of made tea (Zheng et al.,
2016a).

At present, testing for black tea quality involves subjecting the newly developed varieties to a
standard manufacturing process before analysis. However, each step of tea manufacture is a source of
variation. Several studies have linked the quality of black tea with green leaf polyphenols (catechins),
caffeine, amino acids and aroma (Zheng et al., 2016a; Ho et al., 2015; Owuor et al., 2007; Liang et al.,
2003). Several studies have proposed using green leaf biochemical composition such as catechins and
caffeine in selecting clones with high quality black tea early (Wright et al., 2002; Obanda et al., 1997). This
makes it advantageous because tea breeding takes a very long time.

Organoleptic evaluation is currently the main method used to determine tea quality using
professional tasters, who describe the colour, aroma and taste properties of tea (Hazarika, 2012; Obanda et
al., 2004; Liang et al., 2003). However, sensory evaluation is a time-consuming and laborious exercise,
which may affect the objectivity of the tasters, and hence may result in inaccurate evaluation of tea quality
(Bhattacharyya et al., 2008). This makes organoleptic evaluation to be a highly subjective method (Yu et
al., 2014; Liang et al., 2008).
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Objective physical and chemical methods of tea quality assessment have been developed and they
exploit technologies such as nuclear magnetic resonance spectroscopy (NMR) (Le Gall et al., 2004), high
performance liquid chromatography (HPLC) (Zhang et al., 2017c; Yashin et al., 2015), mass spectroscopy
(Fraser et al., 2013), near infrared (NIR) spectroscopy (Mishra et al., 2018b), electronic tongue (Y aroshenko
et al., 2014), electronic nose (Sharma et al., 2015; Roy et al., 2012), computer vision (Gill et al., 2011a),
capillary electrophoresis (Ning et al., 2010) and integrated multi-sensor system (Roy et al., 2012). These
methods are accurate and reproducible, and they have been used for discriminating varieties with different

quality properties (Zhu et al., 2017).

5.5. Conclusion

Tea is grown outside in the field and the varying environmental conditions (humidity, rainfall,
temperature, wind), post-harvest handling (harvested shoots quality standards and time taken to transport
to the factory), and different tea varieties significantly affect the processing parameters, hence require
frequent modification. More effort should therefore be put to monitoring to ensure that all the tea process
parameters are well optimised and fall within the required range. Tea varieties have different genetic make-
ups and therefore each require unique process requirements. The ideal situation is to optimize a process for
each clone, before evaluating quality. However, this is not practical in a tea breeding programme or factory
setting since many clones are developed and harvested, respectively.

The mini manufacture process distinguished the four tea varieties based on their individual
biochemical properties as revealed by the PCA, HCA and ANOVA. Clone CLONE8was clearly
distinguished from the other three clones for hue angle, hue Y, hue R, leaf b* and Infusion L*. Clone
CLONED9S was discriminated from the other clones for brightness, lightness and leaf L*. Clone CLONE101
was also distinguished from the other clones for total soluble solids and total polyphenol content. The
professional tasters gave identical high-quality sensory scores for all the samples evaluated, implying that
the current process can be used to replicate factory conditions and achieve an acceptable good quality tea.
Professional tea tasters are trained to classify different teas based on the overall quality, but not to identify
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quality differences for different tea varieties. The present optimized miniature process can be used for
manufacturing different tea varieties, however technologies that can help in achieving optimum wither and
fermentation conditions for the many tea varieties under different environmental conditions could be
explored further. Objective methods of evaluating fresh tea shoots polyphenols, caffeine, amino acids and
aroma compounds could be considered and used in predicting high quality black tea for the newly developed

varieties.
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Abstract

Tea (Camellia sinensis (L) O. Kuntze) quality is influenced by the levels of polyphenols, aroma
compounds, caffeine and amino acids present in fresh tea shoots. These compounds are also influenced by
genotype, environment, post-harvest handling and climate. The present study was conducted to evaluate
and select high quality tea varieties using biochemical data. We also correlated biochemical data with
sensory evaluation data. Significant differences (P<0.01) among genotypes were observed for all the traits.
However, G x E was not significant (p<0.05) for all the traits. Multivariate analysis using hierarchical
cluster and principle component analyses successfully differentiated the clones based on their biochemical
properties. For example, clones Clone97, Clone70 and Clone53 showed high levels of epicatechin gallate
(ECQG), theogallin, gallic acid (GA) and gallocatechin gallate (GCG) across the sites. Sensory evaluation
revealed Clone69, Clone97 and Clone70 as high ‘mouthfeel’ varieties, while high ‘taste’ clones were
Clone69 and Clonell. Mouthfeel and ‘colour’ were positively correlated (r =0.66). EGCG
(Epigallocatechin gallate), EGC (Epigallocatechin gallate and EC (Epicatechin) were positively correlated
with each other, and clustered together on the heat map, matching with sensory evaluation data on high

‘taste’. By contrast, ECG was grouped with theogallin, C (catechin), GC (gallic acid), GCG and GA,
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corresponding with high ‘mouthfeel’ scores. Results of this study are very promising and suggest that it
could be possible to select high quality teas using only biochemical data in a tea breeding programme, hence
saving time of field planting and miniature manufacture.

Keywords: Tea quality; multivariate analysis, biochemical compounds; sensory evaluation

6.1. Introduction

Tea (Camellia sinensis (L) O. Kuntze) is the most common non-alcoholic beverage in the world
after water (Cheng, 2004). It is also a major source of livelihood in many tropical and sub-tropical countries,
as it has led to the creation of jobs for many people and development of good social infrastructure such as
road networks, schools and hospitals in rural areas (Mukhtar et al., 2000b). For instance, Kenya is the
world’s leading black tea exporter (ITC, 2017), contributing the highest foreign exchange earnings to its’
economy (TBK, 2017). The tea sector contributed about 4% of Kenya’s GDP and 26% of the country’s
total export earnings in 2017 (TBK, 2017).

Quality is among the most important attributes in a tea breeding programme besides yield, drought
tolerance and resistance to pest and diseases (Corley et al., 2018; Mondal, 2014b; Kamunya et al., 2012;
Jain et al., 2009). It is the main basis for pricing at the tea auction (Gallaher et al., 2006), and is characterized
by flavour and colour (Zheng et al., 2016a; Ho et al., 2015; Yang et al., 2013; Kumar et al., 2011b; Wang
et al., 2010). Flavour (taste, mouthfeel and aroma) and colour (liquor and appearance of dry made tea) are
usually assessed during sensory quality evaluation (Ho et al., 2015; Chaturvedula et al., 2011; Wang et al.,
2010). Taste, mouthfeel and colour are generated by non-volatile compounds (Chen et al., 2008c;
Kawakami, 1997; Harbowy et al., 1997; Yamanishi, 1995), while aroma is produced by volatile compounds
in tea (Zheng et al., 2016a; Ho et al., 2015; Yang et al., 2013).

Green leaf polyphenols, aroma compounds, caffeine and amino acids are the main compounds
known to influence the quality of black tea (Tu et al., 2018; Koch et al., 2018; Magagna et al., 2017;
Jeganathan et al., 2017; Zheng et al., 2016a; Ho et al., 2015). The four main catechins in fresh and young
green tea leaf are (-)-epigallocatechin-3-gallate (EGCQG), (-)-epigallocatechin (EGC), (-)-epicatechin-3-
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gallate (ECG) and epicatechin (EC) (El-Shahawi et al., 2012b; Liang et al., 2003; Nakabayashi, 1994),
while the minor catechins include (+)-Gallo catechin (GC), (-)-Gallo catechin gallate (GCQG), (-)-catechin
gallate (CQG) and (+)-catechin (C) (Chen et al., 2010; Friedman et al., 2005; Yamamoto et al., 1997).
Gallated catechins include EGCG, ECG and GCG while non-gallated catechins are EC, C, EGC and GC
(Fan et al., 2016). Biochemical compounds in tea are routinely analysed using analytical techniques such
as high-performance liquid chromatography, capillary electrophoresis, mass spectrometry and nuclear
magnetic resonance (Samynathan et al., 2016; Lee et al., 2014a; Lee et al., 2011). Analytical techniques are
believed to be more reliable for determining tea quality when compared to the conventional sensory
evaluation method that is time time-consuming, laborious (Bhattacharyya et al., 2008) and highly subjective
(Yu et al., 2014). In this study, NMR was preferred over other analytical techniques because it can
simultaneously quantify levels of catechins, alkaloids and amino acids and is accurate, reproducible, non-
destructive and requires minimal sample preparation steps (Kumar et al., 2015; Yuan et al., 2014). "H NMR
spectroscopy has been used previously to study the effects of climatic conditions on green tea metabolites
in three different growing areas (Lee et al., 2010) and to simultaneously quantify catechins, caffeine,
theanine and gallic acid (Yuan et al., 2014). The objective of this study was to evaluate the quality of tea
genotypes using biochemical data obtained from NMR and determine the correlation between the measured

green leaf biochemical compounds and organoleptic evaluation results.

6.2. Materials and methods

6.2.1. Plant materials

In the present study, 103 and 106 genotypes (Table S6. 3 and Table S6. 4) were selected in clonal
field trials (CFTs) present at Jamji and Sites respectively. Several known high quality standard clones were
included such as Clone97 and CLONE105 (Kamunya et al., 2012) alongside CLONE101, CLONE9S,
Clone61, 10/3, Clone62, Clone63 and Clone60 (Gabriel Tuwei, Pers. com, June 2016, R&D UTK). A
complete description of the quality standard checks and commercial varieties used in this study is shown in

Table 7. The crosses for all the varieties used in this study is presented in Table S6. 1. Green leaf samples
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at each location were collected at three different times of the year; in April 2016, December 2016 to March

2017 and May to June 2017.

6.2.2. Test locations and experimental designs

The study was conducted in two locations within UTK: at Kericho estate and at Jamji estate.
Kericho estate is located at 0° 22° S and 35° 17’ E, 2005 meters above sea level (m.a.s.]). Jamji estate is
located at 0° 28” S and 35° 11°E, 1733 m.a.s.1. The descriptions of the climate are presented in Figure 7 and
8. The mean average temperature and rainfall range were 18.8°% and 1735 mm, at Kericho and 18.01° and
1935 mm respectively, at Jamji. However, there are variations between monthly temperatures throughout

the year (Figures 7 and 8).
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Figure 8. Mean monthly rainfall at Kericho and Jamji.

6.2.3. Leaf Sampling and sample processing

About 200g of fresh leaf (comprising of the youngest two leaves and a bud) were plucked from
each of the clones in the CFTs and placed in the cooler box before transporting to the laboratory. The
samples were placed in the deep freezer at -20°C for 48 hours and then put in the freeze drier for a further
48 hours, to dry and preserve the samples, and prevent oxidation. The freeze-dried samples were sent to

Rothamsted research laboratories in United Kingdom (UK) for biochemical analysis using NMR.

6.2.4. NMR methodology

Determination of the quantities of theobromine, caffeine, gallic acid (GA), epicatechin (EC),
gallocatechin gallate (GCG), epicatechin gallate (ECGQG), epigallocatechin (EGC), epigallocatechin gallate
(EGCGQG), catechin (C), gallocatechin (GC) and theanine was carried out by the following method described
by Yuan et al. (2014) at Rothamsted research laboratories in United Kingdom (UK). The freeze-dried leaf
was crashed into a fine powder using a coffee grinder. Fifteen grams of each of the samples was weighed
carefully and mixed with an extraction solvent (80:20 D20:CD30OD containing 0.01% w/v DSS, 1mL).
The mixture was heated at S00C for 10 minutes, allowed to cool and centrifuged at 10,000 rpm for 10
minutes. The supernatant was removed, and the remaining mixture heated at 90°C for 2 minutes. The

samples were cooled to 40°C for 30 minutes and centrifuged. 700ul was removed and put in a clean tube.
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Potassium phosphate buffer (pH 5.8, 2.4M, 40ul) was added, mixed with EDTA (32mM, 20ul) and
centrifuged. 650 uL of the supernatant was removed, placed in a Smm NMR tube and analysed using 1H
NMR. The mean NMR data across the sites, Jamji and Kericho is presented in Supplementary Table S6. 2,

Table S6. 3, and Table S6. 4, respectively.

6.2.5. Sensory evaluation

Eight genotypes and their 4 biological replicates were evaluated in this study. The 8 varieties
comprised of 2 contrasting groups that were selected based on their extreme total catechin levels. The
varieties with high levels of total catechins include Clone97, CLONE101, Clone69 and Clone70, while
those with low levels of total catechins are Clonell, Clonel5, CLONE104 and CLONE96. Each of the 8
clones was harvested, every day for 4 days between 8am — 9am. Variabilities were minimised by plucking
the youngest two leaves and an apical bud, while handling and transporting in the same way and time prior
to processing. The 4 biological replicates of each of the 8 clones were then manufactured into black tea
separately and subjected to sensory evaluation as follows; 5.6 grams of the sample was measured using a
hand scale and transferred into an infusion pot. De-ionized water was boiled and added into the infusion
pot until it was full. The boiled water and sample were left to brew for 6 minutes. Using a syringe, 5 ml of
milk was carefully placed into each tasting bowl. The infused liquor was then filtered into the tasting bowl
containing milk and left to stand for 10 minutes before it was analysed. The residue from the infusion was
collected on the infusion cup lid. The liquor was then analysed accordingly. Quality of the samples was
blindly assessed by a trained, experienced and calibrated professional taster at Unilever R&D Colworth in
United Kingdom. The taster evaluated the samples based on taste, mouthfeel and colour, which are the main

desirable quality traits in tea.
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6.2.6. Data and statistical analysis

Analysis of variance across the sites and at each individual site was carried out using GenStat
statistical software, 18th Edition (Payne, 2015), using the following statistical model for the combined data
across the sites:

Yijkl = p + Gi + Ej + GEjj + Rk(j) + Bl(k) + eijkl

Where: Yijkl is the measured value of the clone i in block | and replication k of environment j, p is
the mean, Gi is the effect of genotype i, Ej is environment effect, GEij is the genotype by environment
interaction i with environment j, Rk(j) is the replication effect k in environment j, Bl(k) is the effect of
block 1 in replication k, eijkl is the effects of residual of genotype i in block I and replication k of
environment j.

Significant differences among sample means were compared using Duncan’s multiple range test at
p<0.05 level of significance. Data was expressed as means + SD of the 3 biological replicates with P < 0.05
representing a statistically significant differences between the main treatments. Correlations among the
phenotypic traits and between sensory data were done using excel. Principal component analysis (PCA)
and hierarchical cluster analysis (HCA) was performed at each site and across the two sites for the
biochemical data using Qlucore omics Explorer 3.4. A heatmap showing two-dimensional clustering of
variables and clonal set was produced, where the degree of cluster associations in the form of dendrograms
were indicated at the top (clonal grouping) and on the left (grouping of phenotypes). A clone by 12-
dimensional matrix of the biochemical data set was displayed on the heatmap where each column represents
the standardized binary measurements for a given clone at Kericho, Jamji and across the sites. High values

for the traits are coded red while low values were coded as green.
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Table 7. A description of the high-quality standard checks and commercially planted varieties in Eastern and Southern Africa that were

used in this study.

Variety History/parentage Status Properties Source
1 CLONE105 Field selection obtained from Chomogonday estate, Kericho Commercial High quality (Kamunya etal., 2012)
2 CLONE106 Open pollinated cross of TRFK 91/1 (camellia irrawadiensis) Commercial High anthocyanin rich tea (Kamunya et al,, 2012)
3 CLONE102 Open pollinated progeny of AHP CLONE100 Commercial High yield and quality, tolerant to mites and nematodes (Kamunya etal., 2012)
4 | CLONEI03 TRFCA SFS150 x EPK TN14-3 Commercial High and quality (Kamunya etal., 2012)
5 TRFK Clone67 Field selection obtained from Kimugu estate, Kericho Commercial Medium quality (Kamunya etal., 2012)
6 TRFK Clone66 open pollinated variety of CLONE105 Commercial Medium quality (Kamunya et al., 2012)
7 | TRFK Clone65 open pollinated variety of CLONE105 Commercial Medium quality (Kamunya et al., 2012)
8 Clone97 Field selection obtained from George Williamson Commercial High quality (Kamunya et al., 2012)
9 10/3 UTK field selection Experimental High quality UTK
10 Clone63 UTK field selection Experimental High quality UTK
11 Clone61 UTK field selection Experimental High quality UTK
12 Clone62 UTK field selection Experimental High quality UTK
13 Clone60 UTK field selection Experimental High quality UTK
14 CLONE95 UTK field selection Commercial High quality UTK
15 CLONEI101 Originated from James Finlays of Kenya Commercial High quality UTK
16 TRFCA MEFS 87 Malawian assam selection Commercial High yielding (Kamunya et al., 2012)
17 TRFCA SFS 150 Malawian assam field selection Commercial Drought tolerance, high yield and quality (Kamunya et al., 2012)
18 TRFCA PC 81 Malawian assam selection Commercial Moderate quality (Kamunya et al., 2012)
19 TRFCA PC 108 Malawian assam selection Commercial Moderate quality (Kamunya et al., 2012)
20 | uTK 95/765 PC110 x CLONE9S Commercial High yielding s UTK
21 CLONES CLONE98 x AHP CLONE100 Commercial High yielding UTK
22 CLONE37 TRFK Clone65 x AHP CLONE100 Commercial High yielding UTK
23 UTK 00/2444B SFS150 x Clonel05 Commercial High yielding recommended in high altitudes UTK
24 | UTK 00480382 PC110 x CLONEYS Commercial High yielding UTK
25 CLONE98 Seedling selection Commercial Drought tolerant, moderate yielding UTK
26 CLONE96 Seedling selection of China origin Experimental Poor black tea quality UTK
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6.3. Results

6.3.1. Biochemical evaluation at Kericho and Jamji

The mean biochemical data for each of the 12 traits at Jamji and Kericho is presented in Figure 9.
Out of the 12 traits, 9 traits recorded higher mean biochemical levels at Jamji compared to Kericho.
However, the difference was not large as can be seen from the error bars (Figure 9). Analysis of variance
table and means of biochemical traits at Kericho and Jamji are presented in Tables 8 and 9, respectively.
Significant differences (P<0.01) were observed between the genotypes for all traits except Epicatechin (EC)

at both locations (Tables 8 and 9).
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Figure 9. Comparison of the mean biochemical traits at Kericho and Jamji.

A positive and significant (p<0.05) correlation of 0.99 was observed between the mean biochemical
compounds across the two sites (Figure 10). Correlation coefficients (r) among the traits at Kericho and
Jamji are displayed on Tables 10 and 11, respectively. At both sites, positive and significant correlations
were observed between GCG and GA, ECG and theogallin, EGC and EC, EGCG and EC, catechin and
ECG, ECG and GC, and GC and catechin (Tables 10 and 11). Similarly, significant (p<0.05) negative
correlations at both sites were observed between theogallin and EGC, EGC and GC, ECG and EGC, and

EGC and catechin (Table 10 and 11). Combined analysis of variance showed that genotype was highly
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significant (P<0.01) for all the traits (Table 12). Environment (E) was significant (p<0.05) for all traits

except GC and GCG, while all traits were not significantly influenced by G x E (p<0.05) (Table 12).
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Figure 10. Correlations of the mean biochemical traits between Jamji and Kericho.
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Table 8. Analysis of variance and means of the biochemical traits at Kericho

Source Theobromine | Caffeine | Theogallin | GA Epicatechin | GCG ECG EGC EGCG Catechin | GC Theanine

Genotype 3.58%** 41.67*%*% | 19.37*** 1.67*** | 33.52 ns 52.79*** | 530.56*** | 449.19%*%* | 470.1*%** | 18.97*** | 351.78%** | 64.77***

CV (%) 36.1 9.1 18.2 20.6 19.5 16.4 11.3 17.2 14.2 49.1 16.9 30.2

LSD (p<0.05) | 2.1891 5.412 4.398 1.2826 8.823 5.225 10.724 12.274 19.408 4.884 10.349 8.762

Mean 3.77 36.99 15.02 3.87 28.06 19.80 59.03 44.37 84.77 6.18 38.02 18.05

Maximum 6.25 46.25 24.09 7.73 37 44.25 113.05 65.36 128.6 14.38 70.13 29.51

Minimum 1.53 27 10.55 2.73 19.75 12.66 39.96 14.28 61.09 2.34 20.58 8.42
Table 9. Analysis of variance and means of the biochemical traits at Jamji

Source Theobromine Caffeine Theogallin | Gallic acid EC GCG ECG EGC EGCG Catechin | GC Theanine

Genotype 7.65%** 64.76%** 19.85%%* 1.36%* 29.96 ns | 29.51%%* | 54]1.82%** 439.9%** 523%kk | D].39%* 367.46%** 67.18%**

CV (%) 37.5 10.6 18.6 21.9 20 19.2 15.3 20.1 153 61.90 19.7 23.6

LSD (p<0.05) | 2.922 6.58 4.976 1.5195 9.482 6.2 15.287 13.7 22.116 6.06 11.834 7.612

Mean 4.84 38.42 16.60 431 29.46 20.10 61.91 42.40 89.64 6.08 37.33 20.08

Max 10.88 47.06 24.70 6.66 37.27 28.77 112.16 73.97 115.85 15.53 69.01 32.13

Minimum 1.62 16.01 11.14 2.92 20.09 12.54 36.89 18.18 55.66 2.83 9.40 9.59
Table 10. Correlations between the biochemical traits at Kericho

Traits Theobromine Caffeine Theogallin Gallic acid EC GCG ECG EGC | EGCG | Catechin GC Theanine

Theobromine 1

Caffeine 0.47 1

Theogallin 0.24 0.10 1

Gallic acid 0.00 -0.02 0.43 1

Epicatechin 0.27 0.31 0.17 0.39 1

GCG -0.03 -0.05 0.44 0.96*** 0.35 1

ECG 0.08 0.04 0.84%** 0.31 -0.12 0.37 1

EGC -0.11 -0.07 -0.50* 0.33 0.48 0.30 -0.60* 1

EGCG 0.33 0.38 0.02 0.00 0.77*** -0.08 -0.24 0.35 1

Catechin 0.07 0.02 0.32 -0.21 -0.42 -0.17 0.57* -0.55 -0.36 1

GC 0.05 0.02 0.32 -0.26 -0.48 -0.21 0.67** -0.63 | -0.34 0.80%** 1

Theanine 0.25 0.22 -0.04 -0.13 -0.15 -0.09 -0.05 -0.12 | -0.19 0.04 -0.05 1
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Table 11. Correlations between biochemical traits at Jamji

Traits Theobromine Caffeine | Theogallin | Gallic acid EC GCG | ECG EGC EGCG | Catechin | GC Theanine
Theobromine 1
Caffeine 0.23 1
Theogallin 0.29 0.10 1
Gallic acid 0.26 -0.12 0.34 1
Epicatechin 0.26 0.40 0.22 0.39 1
GCG 0.07 -0.16 0.27 0.86 0.25 1
ECG 0.02 0.12 0.75%** 0.14 -0.09 0.25 1
EGC -0.06 -0.07 -0.46 0.33 0.51* 0.39 -0.60** 1
EGCG 0.26 0.44 0.04 0.13 0.84*** | -0.08 | -0.26 0.42 1
Catechin 0.00 0.13 0.32 -0.22 -0.31 -0.11 | 0.64** -0.52* | -0.31 1
GC -0.14 0.24 0.28 -0.36 -0.31 -0.22 | 0.71%*%* | -0.58 -0.36 0.71%** 1
Theanine 0.04 0.14 -0.06 -0.27 -0.14 -0.26 | -0.05 -0.10 -0.07 0.14 0.12 1

* wkExE - correspond to significant, moderate significant and high significant correlations.

Table 12. Mean squares from the combined ANOVA for biochemical compounds across the two sites

Gallic

Source of variation Theobromine | Caffeine Theogallin | acid Epicatechin | GCG ECG EGC EGCG Catechin | GC Theanine
Genotype 8.21%** 77.82%%* | 33.02%** 2.1648%** | 44.59%* 66.51%*%* | 977.99%** | 809.26%** | 844.8*** | 30.2%** | 616.04%** | 94.18***
Environment (E) 160.77%** 433.98%*%* | 406.83*** | 28.65%** | 341.05%** 18.3ns 1623.19%** | 558.94%* | 3936.8%** | 0.42* 13.25ns 666.04***
GxE 2.1ns 13.93 ns 5.54 ns 0.69 ns 16.83 ns 1444 1ns | 86.29 ns 63.27 ns 136.7 ns 10.58ns | 88.41ns 38.09 ns
Error 2.74 14.48 8.56 0.86 31.87 13.06 68.83 67.26 163.8 12.09 48.67 32.59
CV (%) 38.7 10.1 18.5 22.8 19.6 18.1 13.7 18.9 14.7 56.5 18.4 29.9
LSD (p<0.05) 2.66 6.107 4.7 1.49 9.06 5.8 13316 13.16 20.54 5.58 11.20 9.163
Variation explained
(%) 613 70.47 81.5 77.2 80.4 81.9 83.63 81.1 85.3 45.85 81.6 70.1
Mean 4.28 37.83 15.83 4.08 28.81 19.97 60.65 43.42 87.29 6.15 37.87 19.09
maximum 6.84 46.66 24.39 5.82 34.95 33.01 112.61 69.3 120.82 12.89 63.28 29.82
Minimum 2.1 27.92 11.47 2.94 22.51 13.65 40.51 17.13 59.89 2.93 22.36 10.7

* Significant at P < 0.05.

** Significant at P < 0.01.

*** Significant at P < 0.001.
ns, not significant, GCG, gallocatechin gallate, ECG, epicatechin gallate, EGC, epigallocatechin, EGCG. Epigallocatechin gallate, GC,

gallocatechin.
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6.3.2. Multivariate analysis

6.3.2.1. PCA plot for the biochemical data at Kericho
A PCA plot was generated with samples coloured by clone. The first, second and third principal
components (PCs) accounted for 32%, 24% and 17% of the total variance respectively. The score plot of

the first three principle components showed eight clusters that could be distinguished from one another

(Figure 11).
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Figure 11. A PCA plot generated with samples coloured by different groups for the 103 genotypes at

Kericho.

6.3.2.2. Hierarchical cluster analysis of the biochemical traits at Kericho site

Hierarchical cluster analysis differentiated the varieties into 8 major groups (Figure 12). The first
cluster comprised of only Clone70 and it had high levels of ECG, theogallin, GCG and GA (Figure 12).
The second cluster included clones Clone97, CLONE101, Clone69 and Clone53 (Figure 12), and had high
levels of GCG, gallic acid, ECG, theogallin, GC, catechin, and low levels of EGC, EGCG, EC, caffeine

and theobromine (Figure 12). The seventh cluster was comprised of 24 varieties, among them, four known
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quality standard checks Clone62, CLONE9S, Clone60 and Clone63, and had high levels of EGCG and EC

(Figure 12).
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Figure 12. HCA dendrogram of the 103 varieties and all the measured traits at Kericho.
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Figure 13. HCA dendrogram of the 106 varieties and the 12 measured traits at Jamyji.
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6.3.2.3. Principle component analysis (PCA) of the biochemical traits at Jamji
A PCA plot was generated with samples coloured by clone and it explained 70% of the existing

genetic diversity between three axes (Figure 14).
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Figure 14. Principle component analysis (PCA) of 106 tea varieties based on the 12 biochemical traits

at Jamyji.

6.3.2.4. Hierarchical cluster analysis of the biochemical traits at Jamji

Hierarchical cluster analysis differentiated the genotypes into 9 main groups (Figure 13) and this
was similar to the results of the PCA (Figure 13). The first group comprised of only clone CLONE106, a
purple coloured clone with high levels of GA and theobromine, but low levels of caffeine, EGC, EC, EGCG
and GC (Figure 13). The second group comprised of Clone97, Clone81, Clone61, Clone31, Clone56, and
had high levels of GC, catechin, ECG, theogallin and theobromine. The third cluster comprised of clone
Clone92, Clone69, Clone79, CLONE101, CLONE37 and CLONE102 (Figure 13), and had high levels of
theogallin, EC, GCG and GA. The seventh cluster had 28 clones that had high levels of EGCG, EC, caffeine

and theobromine, but low levels of GC and catechins.
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6.3.2.5. Principle component analysis (PCA) of the biochemical traits across the two sites
Principle component analysis differentiated the varieties into 8 major groups (Figure 15). A PCA
plot was generated from all the traits investigated and it explained 75% of the existing variation, suggesting

considerable diversity among the genotypes.
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Figure 15. PCA of the 12 biochemical compounds for all the varieties at Kericho and Jamji.

6.3.2.6. Hierarchical cluster analysis across the sites

Hierarchical cluster analysis for the mean biochemical data separated the varieties into 8 major
groups. The first group consisted of Clone97, Clone70 and Clone53. This group had high gallic acid, GCG,
catechin, GC, ECG and theogallin, and low levels of EC, EGCG, EGC, caffeine and theobromine (Figure
16). The second cluster comprised of CLONE101, Clone69, Clone86 and Clone92, and it had high GA,
GCG, ECG and theogallin (Figure 16). The sixth cluster comprised of 27 varieties, and had high EGCG,

EC, caffeine and theobromine (Figure 16).
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Figure 16. Heatmap showing the standardized 103 by 12-dimensional matrix of the biochemical data set across the two sites

Table 13. Correlations of the organoleptic evaluation results and biochemical traits

Traits TB Caffeine | Theogallin | GA EC GCG ECG | EGC EGCG | Catechin | GC Theanine | Colour | Taste | Mouthfeel
Colour 0.11 -0.61 0.41 0.46 -0.1 0.48 0.48 -0.26 -0.39 0.51% 0.28 -0.5% 1

Taste 0.06 0.15 -0.35 -0.2 0.32 -0.29 -0.51 | 0.81%%* | 0.61 -0.78*** [ -0.83*** [ (.5% -0.39 1

Mouthfeel [ 0.09 -0.29 0.8 0.87**%* | 0.47 0.87**%* 1 0.78 -0.09 -0.05 0.48 0.32 -0.27 0.66* -0.09 1
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6.3.3. Organoleptic tea quality evaluation

The taster considered all the samples acceptable and made no general adverse comments about the
manufacture of the samples. There were significant (p<0.01) differences between the clones for taste and
mouthfeel (Table 14). However, no significant (p<0.05) clonal differences were observed for colour (Table
14). Clones Clone69 and Clone97 were scored as high mouthfeel teas, while CLONE96 and Clone97 had
high colour scores (Table 14). Clones that recorded high taste scores include Clone69, Clonell and
CLONE104 (Table 14). Correlations between the organoleptic results and the biochemical data was
conducted. Mouthfeel had a strong and positive correlation with theogallin (0.80), GA (0.87), ECG (0.78)
and GCG (0.87) (Table 13). Taste had a strong and positive correlation with EGC (0.81) and EGCG (0.61).
Moderate correlations were also observed between colour and GCG (0.48), ECG (0.48) and catechin (0.51)

(Table 13). Taste was negatively correlated with ECG (-0.51), catechin (-0.78) and GC (-0.83) (Table 13).

Table 14. Mean sensory evaluation results

Clone Female Male Colour Taste | Mouthfeel
Clonell SFS150 CLONE100 | 4.5 5.3 4.6
Clonel5 CLONE104 | CLONE98 | 4.5 4.7 4.3
Clone69 CLONE101 | Clone97 4.6 5.3 4.9
Clone70 PC110 Clone97 4.6 4.5 4.8
CLONE96 | - - 4.9 4.9 4.7
Clone97 - - 49 4.5 4.9
CLONE104 | - - 4.4 5.0 4.3
CLONE101 | PMC59 CLONE100 | 4.7 4.9 4.7

p values 0.3164 0.007 | 0.0095

6.4. Discussion

In this study, NMR spectroscopy was used to quantify biochemical compounds in tea. Variations
among the clones for all the biochemical traits suggest the presence of genetic diversity that can be exploited
in breeding. For each trait, several clones had significantly higher biochemical content than others and could

be considered further for breeding of high-quality teas. The biochemical composition of fresh tea shoots
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depends on the type of tea variety, climatic conditions, soils, altitude of the planting location, agronomic
practices, harvesting/plucking season, quality of harvested fresh shoots, processing parameters and storage
conditions (Yuan et al., 2014; Lee et al., 2010).

To inform the selection of high-quality genotypes, correlations between the biochemical traits and
the sensory evaluation results was conducted to determine the most important biochemical traits linked to
sensory tea quality. Earlier studies have shown that catechins, caffeine and amino acids influence the
organoleptic properties of tea (Scharbert et al., 2005; Liang et al., 2003; Mahindroo, 2000). The biochemical
contents of the known high-quality standard varieties and their grouping on the PCA plot and hierarchical
cluster analysis were also compared with the sensory evaluation results. Selection of high-quality tea
genotypes was done by analysing the main compounds influencing tea quality.

Tea quality is an important attribute as it significantly influences the price of tea at the tea auction.
The taste of tea is usually recorded at the tea auction by the astringency and bitterness (Narukawa et al.,
2011; Narukawa et al., 2010; Lee et al., 2007; Scharbert et al., 2004), while mouthfeel is described as the
thickness of the infused tea. According to Chen et al. (2010), there is a strong correlation between the
intensity of taste of tea and the catechins concentration. The gallated catechins (EGCG and ECG) are more
astringent and give tea the distinctive bitter taste (Chen et al., 2014; Narukawa et al., 2010; Hayashi et al.,
2010; Scharbert et al., 2004). The non-gallated catechins (C, EGC and EC) are less astringent and have a
sweet aftertaste (Narukawa et al., 2010; Hara, 2001). Caffeine contributes greatly to the quality of tea,
because of its sharp bitterness and briskness attributes (Obanda et al., 1997), while theanine has the sweet
and umami taste (Golding et al., 2009; Kaneko et al., 2006).

In this study, there was a relationship between the major catechins (EGCG, ECG and EGC) and
organoleptic results, indicating that they could be used to select high quality teas in a tea breeding
programme. A strong positive correlation between EGCG and EGC, and taste implied that clones Clone55,
Clone62, Clone71, TRFK Clone67, Clone48, Clone37 and Clone63 could be classified as high taste teas.
Similarly, a strong positive correlation between mouthfeel and ECG, C, theogallin, GCG and GA implied
that clones Clone97, Clone70, Clone53, Clone69, Clone56, Clone2 and CLONEI101 could be categorized
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as high mouthfeel teas. This was interesting considering Clone97, CLONE101 and Clone62 are commonly
used by the tea industry (Kamunya et al., 2012) and at UTK (Gabriel Tuwei, Pers. com, June 2016, R&D
UTK) as high quality standard checks. These findings agreed with Okinda Owuor et al. (2006), Owuor et
al. (2007) and Obanda et al. (1997) who found that ECG, EGCG and EC correlated positively with
organoleptic results from professional tea tasters in Kenyan teas. Similarly, in Central and Southern Africa
(Wright et al., 2000a), and Sri Lanka , the quantities of EC and ECG in green leaves were shown to be
reliable markers for identifying high-quality black tea. These findings were further confirmed by
hierarchical cluster analysis. The compounds that were positively correlated with taste (EGCG, EGC and
EC) were also clustered together. Similarly, the compounds that positively correlated with mouthfeel (ECG,
C, theogallin, GA and GCG), also clustered together on the heatmap. According to their structural
differences at the 5’ position in the B ring, tea catechins can be divided into dihydroxylated (ECG, EC and
C) and trihydroxylated catechins (EGCG, EGC and GC) (Wei et al., 2018). EGC and EC are converted into
esterified catechins (EGCG and ECG) via the sequential action of flavan-3-ol gallate synthase (FGS) (Liu
et al., 2015). EGC and EGCG are formed on the same pathway. Similarly, ECG, EC and C are synthesized

on the same pathway and this could explain their clustering on the heat map.

6.5. Conclusion

The levels of catechins, caffeine and theanine influence sensory tea quality, and can be exploited
to select high quality varieties in a tea breeding programme. In this study, EGCG and EGC correlated with
taste, and could be used to select tea varieties with high taste scores. Likewise, ECG correlated with
mouthfeel and could therefore be used to select tea varieties with high mouthfeel. Results from this study
are promising and suggest that it is possible to select high quality teas using only biochemical data. This
will improve the accuracy, reproducibility, reduce the cost of analysis and reduce the subjectivity associated
with organoleptic evaluation. Besides, analytical methods could be used early in the tea breeding

programme, at the nursery stage to select desirable tea varieties, hence saving time of field planting and
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miniature manufacture. However, only eight contrasting varieties were used for organoleptic evaluation

and it will be important to validate these results using a large number of genetically diverse tea genotypes.
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Table S6. 1: List of genotypes and their crosses analyzed used using NMR spectroscopy.

Clone Female Male Species
1 Clonel 502/7 CLONE98 C. sinensis
2 Clone2 CLONE98 15/10 C. sinensis
3 Clone3 SFS150 CLONE100 | C. sinensis
4 Clone4 CLONE98 15/10 C. sinensis
5 Clone5 CLONE98 CLONE100 | C. sinensis
6 Clone6 CLONE98 CLONE100 | C. sinensis
7 Clone7 CLONE98 CLONE100 | C. sinensis
8 Clone8 CLONE98 CLONE100 | C. sinensis
9 Clone9 CLONE101 | CLONE98 C. sinensis
10 Clonel0 PC80 CLONEI100 | C. sinensis
11 Clonel | SFS150 CLONE100 | C. sinensis
12 Clonel2 CLONE100 | PC80 C. sinensis
13 Clonel3 CLONE104 | CLONE100 | C. sinensis
14 Clonel4 SFS150 CLONEI100 | C. sinensis
15 Clonel5 CLONE104 | CLONE98 C. sinensis
16 Clonel6 SFS150 CLONE98 C. sinensis
17 Clonel7 PC110 CLONE98 C. sinensis
18 Clonel8 SFS150 CLONE98 C. sinensis
19 Clonel9 SFS150 CLONE98 C. sinensis
20 Clone20 PC110 CLONE98 C. sinensis
21 Clone21 PC110 CLONE98 C. sinensis
22 Clone22 CLONE104 | CLONE98 C. sinensis
23 Clone23 PC110 CLONE98 C. sinensis
24 Clone24 CLONE98 CLONE97 C. sinensis
25 Clone25 PC87 CLONE98 C. sinensis
26 Clone26 CLONE104 | CLONE98 C. sinensis
27 Clone27 SES150 CLONE98 C. sinensis
28 Clone28 SFS204 CLONE98 C. sinensis
29 Clone29 SES150 15/10 C. sinensis
30 Clone30 CLONE104 | 15/10 C. sinensis
31 Clone31 CLONE101 | CLONE98 C. sinensis
32 Clone32 BBT207 15/10 C. sinensis
33 Clone33 BBT207 CLONE98 C. sinensis
34 Clone34 BBT207 CLONE97 C. sinensis
35 Clone35 864 CLONE98 C. sinensis
36 Clone36 CLONE98 CLONEI101 | C. sinensis
37 Clone37 Clone65 CLONE100 | C. sinensis
38 Clone38 18233 CLONE100 | C. sinensis
39 Clone39 864 CLONE98 C. sinensis
40 Clone40 12/108 CLONE98 C. sinensis
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41 Clone41 CLONE98 15/10 C. sinensis
42 Clone42 14/6 PC110 C. sinensis
43 Clone43 12/108 15/10 C. sinensis
44 Clone44 14/6 CLONE98 C. sinensis
45 Clone45 CLONE98 PC110 C. sinensis
46 Clone46 CLONE98 PC110 C. sinensis
47 Clone47 CLONE95 CLONE98 C. sinensis
48 Clone48 14/3 42104 C. sinensis
49 Clone49 42104 CLONE98 C. sinensis
50 ‘Clone50 502/7 864 C. sinensis
51 Clone51 SFS150 42163 C. sinensis
52 Clone52 SES150 68 C. sinensis
53 Clone53 SFS150 42280 C. sinensis
54 Clone54 1607/2 CLONE98 C. sinensis
55 Clone55 1602/7 15/10 C. sinensis
56 Clone56 Clone68 CLONE98 C. sinensis
57 Clone57 803/17 PC110 C. sinensis
58 Clone58 CLONEI101 | PC110 C. sinensis
59 Clone59 864 12/108 C. sinensis
60 Clone60

61 Clone61 NA NA C. sinensis
62 Clone62

63 Clone63 NA NA C. sinensis
64 Clone64 CLONE95 BB152 C. sinensis
65 Clone65 NA NA C. sinensis
66 Clone66 NA NA C. sinensis
67 Clone67 NA NA C. sinensis
68 Clone68 CLONE95 BBS C. sinensis
69 Clone69 CLONE101 | CLONE97 C. sinensis
70 Clone70 PCI110 CLONE97 C. sinensis
71 Clone71 SFS150 12/108 C. sinensis
72 Clone72 PC87 15/10 C. sinensis
73 Clone73 BBT207 CLONE100 | C. sinensis
74 Clone74 PC87 15/10 C. sinensis
75 Clone75 1/157 CLONE98 C. sinensis
76 Clone76 42163 CLONE97 C. sinensis
71 Clone77 CLONE104 | 29221 C. sinensis
78 Clone78 Cl12 Clone67 C. sinensis
79 Clone79 CLONE99 CLONE100 | C. sinensis
80 Clone80 864 CLONE98 C. sinensis
81 Clone81 Cl12 CLONE98 C. sinensis
82 Clone82 Cl12 CLONE98 C. sinensis
83 Clone83 Cl12 CLONEI101 | C. sinensis
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84 Clone84 Cl12 CLONE99 C. sinensis
85 Clone85 Cl12 42163 C. sinensis
86 Clone86 Cl12 CLONEI101 | C. sinensis
87 Clone87 Cl12 CLONEI101 | C. sinensis
88 Clone88 Cl12 CLONE99 C. sinensis
89 Clone89 Cl12 CLONE99 C. sinensis
90 Clone90 CLONE99 | 42163 C. sinensis
91 Clone91 CLONE98 15/10 C. sinensis
92 Clone92 PC110 CLONEI101 | C. sinensis
93 Clone93 14/3 42104 C. sinensis
94 Clone9%4 CLONE98 PC110 C. sinensis
95 CLONE95

96 CLONEY96 NA NA C. sinensis
97 CLONE97 NA NA C. sinensis
98 CLONE98 NA NA C. sinensis
99 CLONE99 NA NA C. sinensis
100 CLONE100 NA NA C. sinensis
101 CLONE101 NA NA C. sinensis
102 CLONE102 NA NA C. sinensis
103 CLONE103 NA NA C. sinensis
104 CLONE104 NA NA C. sinensis
105 CLONEI105 NA NA C. sinensis
106 CLONE106 NA NA C. sinensis

Table S6. 2: Mean biochemical traits across Jamji and Kericho. The values colored green indicates not

significantly (p<0.05) different from each other for each trait.

clone TB Caffeine | Theogallin | GA EC GCG ECG EGC EGCG | Catechin | GC Theanine
1 CLONE97 3.52 37.49 24.39 4.85 25.00 | 24.71 112.61 | 20.67 72.75 11.76 5740 | 21.76
2 CLONEI101 | 4.98 36.06 20.71 529 | 30.82 | 25.54 81.31 46.86 91.77 8.57 39.90 | 13.86
3 Clone69 3.98 39.88 22.38 5.73 31.57 | 28.11 89.62 40.77 90.22 5.84 34.59 | 22.11
4 Clone70 2.57 35.48 21.73 5.82 28.41 33.01 97.77 30.59 68.34 8.76 50.85 | 14.18
5 Clone37 3.55 39.17 18.96 4.85 34.67 | 22.20 65.05 51.35 106.51 | 5.46 31.81 | 13.29
6 Clone89 4.69 38.40 15.38 4.13 32.53 | 2091 59.85 53.05 101.46 | 7.52 39.38 | 20.44
7 Clone79 4.51 36.72 16.55 4.58 31.11 21.74 62.95 53.73 97.87 4.47 40.89 | 21.25
8 Clone61 6.84 | 41.59 17.96 3.54 | 29.17 16.15 71.80 25.78 93.42 12.78 63.28 | 1441
9 Clone25 2.10 29.67 14.68 5.06 | 28.76 | 27.02 64.14 69.30 77.97 5.00 39.44 | 15.34
10 Clone55 5.78 | 44.18 16.39 421 34.95 17.99 60.22 40.04 120.82 | 4.25 33.21 | 15.07
11 Clone57 5.82 | 41.38 14.43 4.66 | 30.38 | 23.92 64.42 56.30 92.37 4.49 38.60 | 19.66
12 Clone68 6.24 | 40.35 18.25 4.07 34.47 18.59 71.77 36.16 10291 | 437 41.47 | 21.34
13 Clone87 4.81 42.47 15.69 447 | 29.87 | 2341 70.88 50.06 85.22 3.75 44.39 [ 20.38
14 Clone81 5.52 | 40.40 15.32 336 | 24.99 18.29 72.88 39.73 75.46 12.82 63.10 | 29.82
15 Clone63 6.17 36.94 14.79 451 32.59 19.73 57.12 50.69 106.27 | 4.89 35.86 | 18.46
16 Clone53 3.02 33.57 21.40 4.98 28.38 | 24.27 93.17 26.02 74.71 8.54 48.94 | 21.18
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17 CLONE95 6.70 | 41.15 18.11 452 | 31.65 | 20.80 61.03 46.69 101.11 | 6.27 35.82 | 21.54
18 Clone62 4.51 42.73 15.43 4.55 3335 | 22.13 54.82 52.07 108.96 | 3.47 28.01 | 17.18
19 CLONE102 | 6.49 | 42.48 15.24 476 | 2991 | 22.13 58.27 49.12 103.06 | 4.53 35.67 | 15.60
20 Clone56 5.85 37.17 18.91 3.66 | 28.67 16.74 85.83 17.13 91.86 10.89 51.40 | 19.81
21 Clone71 3.96 | 43.40 15.37 432 | 31.14 | 20.51 55.24 51.08 107.86 | 3.31 33.10 | 16.70
22 Clone60 540 | 37.17 15.78 430 | 30.81 | 20.08 55.63 49.92 102.68 | 5.75 3595 | 18.66
23 Clone46 3.93 42.06 14.60 427 2976 | 22.20 62.02 51.28 93.39 5.72 35.68 | 18.87
24 Clone9 421 37.69 16.80 3.83 25.67 | 20.21 75.69 37.84 77.76 9.67 53.11 | 2046
25 Clone3 347 | 35.98 15.26 3.72 | 3243 18.26 58.25 50.80 103.52 | 5.55 30.50 | 14.31
26 Clone67 4.69 | 42.11 13.75 3.98 | 29.32 17.18 50.26 49.28 106.93 | 7.19 38.57 | 24.64
27 Clonel8 3.72 | 38.69 16.18 439 | 3137 | 23.06 57.63 58.73 93.61 5.93 28.01 | 20.76
28 Clone21 3.16 | 36.87 15.66 3.58 | 25.13 19.20 73.91 35.65 77.41 11.04 55.87 | 19.73
29 Clone29 329 | 35.90 15.09 4.91 3252 | 22.36 50.95 62.96 99.84 2.93 26.27 | 14.97
30 Clone91 320 | 34.28 18.59 430 | 3124 | 21.92 69.85 39.70 93.64 4.68 3547 | 22.72
31 Clone31 5.75 33.49 18.41 3.47 | 26.62 17.58 75.49 33.20 74.42 11.31 56.46 | 20.45
32 Clone49 2.72 | 44.02 14.85 430 | 31.62 | 21.59 60.95 47.57 99.29 7.26 26.74 | 18.57
33 Clone92 6.21 43.00 18.99 5.33 32.97 | 26.90 65.73 47.57 91.24 4.62 2549 | 13.89
34 Clone64 5.58 | 42.79 15.03 3.99 | 30.87 18.16 59.64 40.53 96.60 6.45 41.52 | 14.03
35 CLONE100 | 4.13 37.52 15.17 3.89 | 30.61 17.42 53.83 47.72 10145 | 341 39.23 | 20.40
36 Clone66 377 | 36.97 14.40 4.65 3272 | 21.04 48.59 57.72 99.30 4.68 28.41 | 10.90
37 Clone51 4.38 | 40.08 17.30 451 3237 | 21.69 61.43 41.18 91.68 5.27 37.01 | 18.89
38 Clonel?7 4.05 37.46 16.22 3.47 | 26.12 18.13 68.94 35.53 76.51 9.22 56.09 | 22.37
39 Clone65 2.87 | 33.69 13.93 3.69 | 32.10 19.46 46.39 58.87 100.58 | 4.89 26.94 | 10.70
40 Clone48 5.70 | 46.66 17.55 4.03 33.47 19.62 53.86 42.32 106.72 | 3.79 29.34 | 14.83
41 Clone82 342 | 36.08 17.52 448 | 31.29 | 22.59 63.96 48.06 89.71 4.47 28.71 | 21.00
42 Clone72 4.12 | 28.36 16.50 5.14 | 31.02 | 26.16 55.79 64.42 82.80 4.03 23.97 | 12.09
43 Clonel6 3.15 | 43.07 16.70 3.96 | 28.05 19.25 73.60 29.22 84.27 7.39 46.35 | 21.49
44 Clone94 2.88 36.70 15.52 4.52 | 26.57 | 23.35 75.72 32.71 69.43 8.64 5145 | 13.94
45 Clone30 4.53 38.41 13.21 3.45 | 28.96 16.44 49.71 51.18 94.93 5.43 39.77 | 16.17
46 Clone33 4.11 38.00 13.15 423 |2940 | 21.90 54.58 50.61 90.09 4.65 34.47 | 16.56
47 CLONEI103 | 3.14 | 33.63 13.33 4.18 | 30.92 | 20.20 47.10 58.94 89.81 4.34 33.67 | 17.47
48 Clone5 3.69 | 38.08 16.85 3.50 | 24.33 16.69 77.42 25.16 73.80 7.42 59.73 | 17.01
49 Clone86 6.26 | 42.63 17.16 4.98 | 2895 | 25.23 64.71 45.55 81.23 6.56 31.62 | 26.21
50 Clonel3 3.94 | 37.20 12.90 4.03 30.17 16.79 44.71 59.17 92.73 5.30 34.57 | 17.31
51 Clone34 3.66 | 37.99 18.14 439 | 25.09 19.97 68.56 35.12 73.25 7.80 53.59 | 20.43
52 Clone2 3.47 | 3475 18.83 3.76 | 23.73 17.78 84.34 22.72 66.08 10.45 58.17 | 14.46
53 Clone90 4.12 | 41.17 14.16 391 31.32 18.96 49.51 49.52 97.52 5.46 30.83 | 16.56
54 Clone85 432 | 33.89 14.12 3.14 | 31.30 16.05 40.69 60.15 101.46 | 3.71 29.61 | 19.18
55 CLONE98 4.79 | 39.95 16.59 337 | 25.62 17.44 74.42 26.95 79.13 7.76 51.28 | 19.13
56 Clonel4 2.88 36.22 13.03 3.82 | 28.77 18.89 49.54 57.70 92.98 391 30.05 | 16.95
57 Clone44 4.10 | 35.74 15.98 336 | 27.76 19.29 63.87 38.74 82.88 6.34 41.28 | 25.48
58 Clone8 4.77 | 38.99 17.07 334 | 28.53 15.86 64.85 26.79 91.82 7.64 43.94 | 18.78
59 Clone54 6.36 | 3941 16.23 3.79 | 29.63 18.68 60.51 36.67 93.61 6.36 33.63 | 18.53
60 Clone36 3.06 | 34.39 16.05 4.03 26.01 19.83 70.75 34.00 76.65 7.20 44.22 | 18.97
61 Clonel9 3.17 | 38.32 13.57 3.89 | 28.47 18.58 54.81 48.60 86.22 5.88 36.07 | 18.42
62 Clone40 4.66 | 39.64 19.03 3.61 28.54 18.21 71.95 27.30 83.04 7.29 4133 | 17.92
63 Clone38 440 | 37.18 14.06 3.58 | 29.12 16.69 53.26 43.13 94.60 6.10 3477 | 21.42
64 Clone7 422 | 36.08 17.07 299 | 26.03 14.76 67.07 26.58 84.42 9.19 49.55 | 19.27
65 Clone83 4.86 | 33.84 14.15 3.59 | 27.85 18.89 54.69 50.16 86.10 6.15 3335 | 23.57
66 Clone32 3.62 | 4231 15.99 4.08 | 29.92 18.43 49.31 49.21 94.21 5.45 30.04 | 15.56
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67 Clone42 6.33 40.71 12.85 3.88 27.18 19.17 46.59 55.58 89.45 6.18 32.41 | 20.11
68 Clonel2 3.88 37.88 17.81 4.55 30.47 21.54 57.59 42.67 94.86 3.83 2546 | 20.36
69 Clone50 6.10 37.46 17.10 4.36 27.93 21.55 57.68 47.18 87.40 4.00 30.43 | 16.82
70 Clone78 4.94 37.06 14.21 3.69 26.73 20.59 54.83 50.90 81.68 6.71 34.64 | 25.80
71 Clone22 4.46 41.78 15.96 2.94 27.46 13.93 59.23 27.37 91.94 8.37 47.36 | 24.72
72 Clone75 4.25 41.46 12.48 3.45 27.14 17.21 50.90 48.38 79.68 7.31 44.99 | 26.71
73 Clone93 4.50 39.67 15.45 3.92 27.46 | 20.75 62.03 46.49 72.85 7.01 38.27 | 1843
74 Clone4 5.60 42.46 16.83 3.67 27.18 16.72 62.90 28.64 82.14 9.20 4747 | 17.57
75 Clone28 5.04 43.06 16.80 3.80 26.61 19.16 75.24 23.39 73.45 7.95 48.09 | 23.33
76 Clonel 5.67 38.04 16.77 4.02 29.95 17.71 53.38 43.84 91.29 4.77 32.70 | 18.64
77 Clone76 3.82 33.75 16.59 4.64 30.98 24.37 57.48 51.11 74.90 3.96 30.24 | 15.65
78 Clone6 3.08 34.49 13.24 3.90 26.88 19.64 52.05 51.36 84.08 5.51 3243 | 16.02
79 Clone35 4.84 40.24 15.45 3.67 28.57 17.33 62.86 33.91 79.16 6.16 43.61 18.02
80 Clone58 4.52 33.22 16.27 4.59 27.59 23.32 61.65 41.78 77.49 6.31 31.98 | 20.00
81 Clone27 3.44 39.43 12.63 3.88 29.74 18.32 43.98 54.63 97.16 3.89 2236 | 19.39
82 CLONE99 3.63 34.34 13.24 4.24 27.68 20.78 48.21 52.26 86.77 4.35 29.92 | 17.13
83 Clone73 4.40 37.00 14.69 4.46 28.60 20.68 48.57 51.51 89.03 3.93 27.51 | 21.72
84 Clone45 2.96 33.35 11.64 3.84 22.87 19.46 59.12 39.03 59.89 9.11 60.17 | 16.96
85 Clone23 2.20 34.67 1548 3.69 22.83 18.85 72.18 24.92 67.55 9.64 51.13 | 20.81
86 Clone20 2.60 32.88 12.99 5.66 28.14 27.74 54.13 52.13 67.11 5.06 31.06 | 19.95
87 Clone52 3.71 41.51 13.22 4.05 28.42 18.11 46.66 51.11 84.13 4.78 31.71 16.77
88 Clone84 5.31 35.40 14.22 4.06 31.70 18.26 45.02 48.00 94.25 347 24.02 | 29.10
89 Clone88 445 37.98 1243 4.32 28.29 22.58 44.38 65.02 70.83 4.03 28.93 17.89
90 Clone39 2.53 35.93 17.56 3.12 25.24 14.37 68.35 18.53 83.96 6.84 46.58 | 12.23
91 Clonel0 2.68 27.92 14.87 3.79 28.13 18.32 47.74 48.00 90.35 3.24 2591 16.77
92 Clone26 2.44 30.84 15.47 3.80 27.44 17.91 47.37 47.56 86.40 4.16 30.20 | 15.05
93 Clone43 3.58 36.58 16.83 3.50 25.61 16.27 60.75 29.58 74.48 8.34 45.06 | 22.49
94 Clone59 6.13 39.54 17.99 3.63 27.92 17.99 59.50 30.46 87.39 4.57 31.45 19.25
95 Clone77 3.86 35.24 14.02 3.29 27.30 15.54 47.83 42.63 86.61 591 31.65 17.95
96 Clone24 348 35.61 11.47 4.72 25.01 24.12 48.65 57.54 68.92 4.83 26.99 | 17.30
97 Clone47 5.62 40.19 15.46 3.78 28.07 18.47 49.03 40.65 87.92 3.37 27.80 | 22.32
98 Clone41 3.97 39.36 18.03 3.38 27.20 15.64 63.69 23.76 77.06 6.15 40.76 | 25.69
99 Clone80 6.51 40.77 15.79 3.55 28.66 17.02 45.40 38.31 94.13 4.29 22.70 | 27.11
100 Clone74 3.83 34.15 15.03 4.35 26.75 20.95 45.47 51.77 72.73 4.12 26.51 | 26.23
101 Clonell 2.41 35.11 12.23 3.34 25.28 16.08 40.51 49.83 80.27 4.10 27.12 | 28.85
102 Clonel5 3.44 37.61 12.88 3.04 22.51 13.65 53.91 26.95 66.99 7.10 44.47 | 21.71
103 CLONEY%6 2.85 30.37 11.67 4.27 24.21 22.04 46.74 41.59 66.51 4.88 26.85 13.70
Table S6. 3: Mean biochemical traits for Jamji. The values colored green indicates not significantly (p<0.05)
different from each other for each trait.
clone Theobromine | Caffeine | Theogallin | GA Epicatechin | GCG | ECG EGC | EGCG | Catechin | GC Theanine
1 Clone79 6.53 43.17 19.96 5.37 36.15 25.08 [ 77.59 58.12 | 114.70 | 4.69 50.75 | 24.52
2 Clone56 7.85 42.44 22.36 4.59 34.49 19.48 | 98.24 19.98 | 107.54 | 13.84 57.29 | 19.19
3 Clone81 7.06 42.61 17.33 3.79 26.85 19.56 | 80.16 38.65 | 84.72 15.53 65.29 | 30.36
4 CLONE102 | 6.87 44.83 15.38 541 32.96 23.62 | 64.46 53.30 | 110.03 | 5.64 39.73 | 1291
5 Clone70 1.93 35.74 19.78 3.91 25.90 21.78 | 101.88 | 22.02 | 73.79 12.30 69.01 | 13.61
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6 Clone25 2.68 28.58 15.07 5.21 31.01 27.63 | 66.14 73.97 | 82.53 5.52 39.46 | 16.80
7 CLONE97 3.45 37.04 24.70 4.71 25.57 23.74 | 112.16 | 21.52 | 73.38 12.89 55.63 | 2243
8 Clone69 4.86 39.78 24.66 6.11 33.48 28.77 | 92.50 39.32 | 91.44 5.01 30.02 | 24.07
9 Clone89 5.05 38.36 15.39 4.25 32.17 21.35 | 62.69 5295 [ 10132 | 7.67 41.86 | 20.21
10 Clone71 4.44 46.97 16.20 4.88 34.86 21.30 | 59.60 51.50 | 114.16 | 3.31 32.63 | 19.38
11 Clone92 7.26 46.40 21.88 5.99 37.27 28.52 | 72.78 48.11 | 100.82 | 4.89 2434 | 11.54
12 Clone37 441 41.50 20.68 5.24 35.41 22.29 | 68.63 46.04 | 105.51 | 5.55 31.94 | 18.03
13 CLONEI101 | 5.63 37.70 21.45 5.67 31.73 25.07 | 79.89 43.09 | 91.95 6.42 36.17 | 15.76
14 Clone53 3.19 37.06 20.48 5.26 29.75 24.24 | 86.97 30.43 | 84.31 8.42 46.27 | 22.65
15 Clone57 6.29 42.18 14.39 438 32.16 22.00 | 65.98 52.62 | 94.22 3.47 38.64 | 18.27
16 Clone87 5.96 41.69 16.35 4.77 29.68 24.53 | 74.59 48.63 | 83.31 3.68 4422 | 17.92
17 Clone21 2.93 3591 16.53 3.55 26.82 19.02 | 78.20 35.22 | 83.19 11.23 54.23 | 18.25
18 Clone66 3.62 37.22 15.40 5.25 33.53 21.44 | 48.49 59.73 | 111.66 | 2.96 29.94 | 9.59

19 Clone68 6.97 41.61 18.48 4.67 35.29 19.06 | 68.04 37.24 | 106.53 | 3.72 37.28 | 25.09
20 322267 5.01 44.71 14.28 4.39 33.42 17.73 | 48.12 52.17 | 115.85 | 7.79 29.82 | 27.52
21 Clone55 5.68 44.28 15.85 4.16 3291 16.88 | 61.84 41.16 | 113.05 | 4.36 3441 | 15.12
22 Clone46 3.57 41.98 15.31 4.46 30.01 22.75 | 65.38 48.07 | 96.50 6.20 35.05 | 14.74
23 Clone90 4.45 42.20 14.71 4.29 32.22 19.69 | 53.17 52.17 | 106.65 | 5.52 33.12 | 14.96
24 Clone6 4.54 37.47 15.93 4.73 32.02 22.29 | 60.52 53.14 | 96.15 7.11 31.20 | 17.64
25 Clone3 4.02 35.25 16.78 4.21 32.96 19.61 | 63.26 47.50 | 103.59 | 4.82 29.30 | 14.55
26 Clone49 2.64 44.42 14.56 4.40 30.38 21.16 | 62.29 50.06 | 97.74 7.77 30.64 | 18.20
27 Clone63 6.09 38.60 14.50 4.67 32.33 18.65 | 52.49 50.82 | 107.31 | 5.08 33.03 | 24.66
28 Clone31 6.66 34.67 19.92 3.92 27.64 18.78 | 76.44 33.97 | 76.05 14.01 52.42 | 24.78
29 Clone61 7.51 41.68 18.60 4.04 30.20 16.35 | 65.68 24.65 | 91.34 13.92 56.43 | 17.19
30 Clonel8 451 38.70 16.90 4.69 30.81 24.04 | 56.78 57.51 | 95.22 6.57 27.37 | 26.75
31 CLONEI100 | 5.16 38.03 16.84 4.49 33.58 18.73 | 54.71 49.06 | 103.10 | 3.09 35.94 | 25.43
32 Clonel7 5.02 37.07 18.59 3.71 28.69 18.16 | 72.40 32.07 | 85.79 4.06 56.23 | 22.00
33 CLONE95 7.89 42.48 18.49 4.60 30.33 20.25 | 59.60 45.36 | 99.87 7.21 34.71 | 23.66
34 CLONE98 5.42 41.47 18.04 3.47 28.47 17.76 | 77.53 28.22 | 86.31 8.56 49.95 | 20.75
35 Clone30 5.16 39.99 14.13 3.71 30.70 17.69 | 50.85 52.39 | 101.50 | 5.19 38.31 | 21.45
36 CLONEI105 | 5.29 32.02 14.83 4.05 31.86 19.33 | 48.60 62.63 | 97.84 5.28 30.99 | 19.60
37 Clone38 4.65 38.41 16.12 3.97 31.10 17.26 | 58.83 42.17 | 101.88 | 7.74 37.24 | 17.43
38 Clone48 6.63 47.06 19.53 4.53 34.26 20.96 | 57.45 42.81 | 103.80 | 4.71 30.88 | 14.19
39 Clone54 7.69 41.56 17.89 4.16 32.11 19.51 | 66.43 36.99 | 98.71 6.43 34.56 | 18.00
40 Clone91 3.42 34.96 18.55 4.33 29.96 20.62 | 69.60 37.94 | 94.88 3.73 37.95 | 24.05
41 Clone2 3.57 36.34 19.10 4.17 26.62 18.37 | 86.24 23.14 | 69.93 10.13 60.05 | 16.65
42 Clone9 4.08 40.11 16.35 3.90 27.10 19.68 | 72.66 38.57 | 80.70 8.23 47.28 | 22.54
43 Clone60 5.78 39.57 15.48 3.90 32.62 17.25 | 51.31 51.38 | 102.52 | 5.66 33.16 | 22.84
44 Clonel3 421 37.28 13.59 4.28 31.93 17.01 | 46.12 62.03 | 100.59 | 3.27 32.92 | 19.39
45 Clone62 5.39 46.10 16.07 4.77 30.92 22.24 | 53.86 46.54 | 107.61 | 3.59 28.93 | 17.46
46 Clone9%4 3.14 38.70 15.84 4.66 26.54 2341 | 77.72 32.38 | 68.69 11.62 52.47 | 14.96
47 Clone86 7.12 42.05 18.50 5.38 29.34 2642 | 68.11 44.33 | 85.46 6.26 31.66 | 22.91
48 CLONEI103 | 3.87 33.91 15.09 4.61 31.92 21.53 | 49.46 57.44 | 92.34 4.30 32.19 | 14.39
49 Clonel4 3.56 35.57 14.24 4.12 30.37 19.67 | 52.03 55.29 | 98.14 3.88 28.90 | 18.43
50 Clone27 4.17 39.55 13.93 4.26 32.15 19.56 | 47.62 56.33 | 102.82 | 5.44 24.14 | 20.75
51 Clone40 5.43 40.73 20.26 3.66 30.00 17.28 | 75.72 26.03 | 88.04 6.71 44.26 | 18.34
52 Clone64 5.62 42.56 15.71 4.43 30.96 17.76 | 56.14 38.75 | 104.15 | 4.20 36.07 | 13.78
53 Clonel6 3.36 42.14 17.28 4.09 28.39 19.19 | 74.01 29.58 | 83.84 7.82 44.57 | 22.03
54 Clone50 7.49 38.93 17.41 4.72 27.62 22.24 | 59.66 48.64 | 89.83 4.55 34.11 | 16.69
55 Clone34 4.36 39.71 18.82 4.78 27.79 21.11 | 70.58 36.78 | 70.55 6.52 53.03 | 24.67

137|Page




56 Clone29 3.03 3591 16.06 5.12 31.53 22.26 | 49.50 62.10 | 98.16 2.83 19.96 | 14.78
57 Clone5 4.61 38.15 17.32 3.75 25.94 17.04 | 77.50 24.57 | 77.02 6.22 57.29 | 19.29
58 Clone78 5.50 38.41 15.39 3.80 27.06 21.06 | 59.80 44.94 | 85.82 7.54 39.34 | 24.17
59 Clone82 391 34.05 18.93 4.54 29.61 21.72 | 69.11 42.84 | 85.03 5.29 31.16 | 20.80
60 Clone73 5.70 37.73 17.24 5.04 30.24 22.59 | 53.91 48.70 | 95.94 4.25 28.71 | 18.88
61 Clonel2 3.64 36.64 17.34 4.16 31.63 19.74 | 59.65 42.49 | 101.07 | 4.41 25.36 | 20.18
62 Clone75 5.38 46.64 13.81 4.01 27.94 19.03 | 55.36 4791 | 77.73 6.66 49.01 | 31.02
63 Clone65 3.50 36.13 14.65 3.76 32.47 18.77 | 44.90 54.06 | 103.74 | 4.51 24.28 | 12.99
64 Clone8 5.77 41.37 17.76 3.71 28.45 16.37 | 65.82 25.55 | 93.45 9.34 41.90 | 22.23
65 Clone85 5.21 32.80 14.53 3.13 30.48 1598 | 4141 59.50 | 100.62 | 3.05 29.27 | 17.32
66 Clone39 2.50 38.79 18.95 3.40 26.33 16.05 | 75.44 19.14 | 84.23 5.45 53.46 | 12.66
67 Clone72 5.09 27.76 17.21 5.17 31.20 25.71 | 55.72 63.64 | 75.88 3.39 2345 | 15.19
68 Clone22 4.67 41.92 16.75 3.14 28.01 14.41 | 60.93 27.62 | 92.70 791 47.31 | 29.60
69 Clone42 7.04 41.80 14.10 3.95 27.78 18.99 | 49.98 51.95 | 90.86 5.74 33.61 | 19.12
70 Clone76 4.80 33.98 18.25 5.02 32.41 25.62 | 56.39 55.07 | 76.19 4.28 28.69 | 16.27
71 Clone41 5.24 41.51 20.04 3.97 29.24 16.60 | 70.55 25.12 | 83.85 7.90 44.90 | 29.86
72 Clone83 436 33.23 13.57 331 26.53 18.14 | 55.33 48.89 | 84.92 8.13 35.27 | 24.94
73 Clone88 5.10 39.46 12.87 4.49 28.92 23.46 | 46.48 68.95 | 74.09 3.87 30.47 | 18.02
74 Clone36 2.95 33.97 16.90 4.03 25.30 19.11 | 69.25 34.18 | 79.25 6.15 42.08 | 21.44
75 Clonel9 4.42 40.15 14.65 4.25 29.21 19.30 | 53.33 45.12 | 90.73 5.74 31.52 | 24.87
76 Clone51 4.16 40.24 16.89 4.47 30.01 19.81 | 59.10 36.71 | 87.08 3.28 38.39 | 19.89
71 Clone32 441 44.02 17.37 4.36 29.81 19.03 | 48.18 47.30 | 98.29 4.80 26.06 | 16.74
78 Clone52 437 41.55 14.23 4.23 29.19 18.79 | 51.22 46.20 | 87.29 438 35.83 | 15.31
79 Clone43 3.34 40.45 19.09 4.11 25.83 18.33 | 64.99 31.57 | 73.21 8.99 49.95 | 18.55
80 Clone4 6.58 42.32 17.65 4.08 29.26 17.62 | 63.75 28.03 | 85.58 5.79 42.61 | 16.76
81 Clone28 5.10 43.73 17.21 3.88 26.34 18.68 | 75.65 21.63 | 74.37 8.22 47.21 | 25.46
82 Clone84 591 34.48 15.55 4.57 31.75 18.87 | 46.22 48.62 | 99.35 3.39 22.56 | 30.23
83 Clonel 6.52 38.02 17.68 4.06 29.32 18.31 | 54.76 40.23 | 91.03 4.30 32.67 | 16.04
84 Clonel0 2.57 28.83 16.05 4.18 29.78 19.01 | 49.45 48.89 | 95.59 3.18 23.86 | 20.26
85 Clone20 1.95 31.82 12.69 5.49 28.41 27.15 | 54.21 5297 | 7148 5.29 28.72 | 21.83
86 Clone44 3.77 37.59 15.18 3.24 26.56 18.31 | 64.53 3049 | 77.16 5.46 45.68 | 24.28
87 Clone59 6.68 39.24 19.16 3.72 29.29 18.05 | 63.69 28.40 | 91.26 4.46 32.74 | 16.78
88 Clone58 5.45 32.06 17.56 4.79 27.31 23.74 | 65.20 37.67 | 73.61 6.10 3345 | 16.54
89 Clone93 3.65 38.12 16.88 3.43 23.36 18.07 | 75.30 27.61 | 61.60 10.05 50.49 | 1743
90 CLONE99 3.94 34.43 13.95 4.40 28.69 20.96 | 46.97 48.50 | 90.70 3.77 26.67 | 19.63
91 Clone26 2.84 30.58 17.27 4.08 28.94 18.50 | 49.08 47.45 | 90.14 3.97 27.13 | 16.53
92 Clone? 3.84 37.34 16.30 2.92 25.91 13.98 | 62.62 25.89 | 85.87 6.00 42.37 | 20.61
93 Clone33 5.31 38.05 12.70 4.27 28.42 21.09 | 46.44 45.52 | 88.00 5.21 27.45 | 22.93
94 Clone47 6.88 39.80 16.20 4.18 28.60 18.98 | 47.20 44.00 | 95.11 3.73 23.87 | 22.39
95 Clone45 3.17 34.56 11.90 3.81 21.58 19.46 | 60.57 36.06 | 55.66 6.40 60.41 | 18.90
96 Clone77 4.09 34.88 15.25 3.75 26.88 17.26 | 51.07 40.72 | 87.12 5.84 30.44 | 22.90
97 Clone80 8.06 41.75 16.97 3.71 29.39 1691 | 47.30 38.04 [ 99.07 3.94 21.83 | 27.87
98 Clone35 5.51 38.84 14.79 3.59 28.24 17.46 | 60.09 28.88 | 72.09 4.49 40.87 | 23.68
99 Clone23 1.62 33.78 13.75 3.38 20.91 17.11 | 65.60 24.50 | 64.00 8.94 50.63 | 18.67
100 | Clone24 4.49 36.19 11.65 4.80 25.01 23.85 | 48.54 56.53 | 65.57 5.38 25.82 | 18.74
101 | Clonel5 3.62 38.48 13.92 3.35 25.27 14.63 | 56.78 28.17 | 72.89 7.47 43.68 | 23.96
102 | CLONE104 | 3.42 42.21 11.14 3.01 27.11 12.54 | 36.89 39.82 | 92.41 4.46 31.46 | 22.54
103 | Clone74 3.01 35.09 14.79 4.38 25.60 2041 | 43.55 46.54 | 76.02 3.70 28.74 | 30.72
104 | Clonell 2.60 35.81 13.10 3.51 25.89 16.05 | 40.65 47.84 | 84.20 3.76 24.58 | 32.13
105 | CLONEY96 3.39 31.04 12.09 4.47 24.38 2231 | 47.07 39.07 | 70.79 5.00 26.89 | 14.02
106 | CLONE106 | 10.88 16.01 19.58 6.66 20.09 2425 | 62.81 18.18 | 60.61 421 9.40 13.02
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Table S6 4: Mean biochemical traits for Kericho. The values colored green indicates not significantly (p<0.05)

different from each other for each trait.

clone Theobromine | Caffeine | Theogallin | GA EC GCG | ECG EGC | EGCG | Catechin | GC Theanine

1 CLONEI101 | 4.34 34.42 19.97 490 | 2991 | 26.00 | 82.72 50.63 | 91.58 10.72 43.63 | 11.96
2 Clone61 6.18 41.51 17.31 3.03 | 28.13 | 15.95 | 77.92 2691 | 95.49 11.65 70.13 | 11.63
3 CLONE97 3.60 37.94 24.09 498 | 2443 | 25.69 | 113.05 | 19.82 | 72.11 10.63 59.18 | 21.08
4 Clone69 3.11 39.98 20.10 5.34 | 29.66 | 27.44 | 86.75 42.21 | 89.00 6.68 39.15 | 20.14
5 Clone37 2.69 36.85 17.24 446 | 3393 | 22.11 | 61.46 56.67 | 107.51 | 5.38 31.68 | 8.54

6 Clone55 5.89 44.08 16.94 427 | 37.00 | 19.09 | 58.59 38.93 | 128.60 | 4.14 32.02 | 15.03
7 Clone63 6.25 35.29 15.08 435 | 32.84 | 20.82 | 61.76 50.57 | 105.24 | 4.70 38.69 | 12.26
8 Clone68 5.52 39.09 18.02 3.46 | 33.66 | 18.13 | 75.50 35.08 | 99.29 5.03 45.67 | 17.59
9 Clone62 3.63 39.36 14.78 433 | 35.77 | 22.03 | 55.77 57.60 | 110.31 | 3.35 27.08 | 16.89
10 Clone57 5.35 40.59 14.47 495 | 28.60 | 25.84 | 62.85 59.97 | 90.53 5.52 38.55 | 21.05
11 CLONE95 5.50 39.83 17.73 444 | 3297 | 21.35 | 62.45 48.03 | 102.35 | 5.33 36.93 | 1943
12 Clone89 4.33 38.43 15.36 4.00 | 32.90 | 20.47 | 57.01 53.15 | 101.60 | 7.37 36.89 | 20.67
13 Clone29 3.54 35.89 14.12 4.69 | 33.50 | 22.47 | 52.41 63.83 | 101.52 | 3.03 32.58 | 15.15
14 Clone33 291 37.95 13.60 4.18 | 30.38 | 22.70 | 62.72 55.70 | 92.17 4.09 41.48 | 10.19
15 Clone70 3.20 35.22 23.68 7.73 | 30.92 | 4425 | 93.66 39.16 | 62.88 5.22 32.69 | 14.75
16 Clone60 5.02 34.77 16.09 4.69 | 29.00 | 2291 | 59.95 48.45 | 102.83 | 5.83 38.74 | 14.48
17 Clone51 4.61 39.92 17.71 4.56 | 34.72 | 23.57 | 63.76 45.64 | 96.28 7.26 35.63 | 17.89
18 Clone87 3.65 43.26 15.04 4.18 | 30.06 | 22.30 | 67.17 51.48 | 87.13 3.83 44.56 | 22.85
19 Clone9 434 35.27 17.24 3.77 | 2424 | 20.75 | 78.73 37.11 | 74.82 11.10 58.94 | 18.38
20 Clone64 5.55 43.02 14.34 3.56 | 30.78 | 18.56 | 63.15 42.31 | 89.06 8.70 46.96 | 14.27
21 Clonel8 2.93 38.69 15.47 410 | 31.92 | 22.08 | 58.49 59.96 | 92.01 5.28 28.65 | 14.77
22 Clone91 2.99 33.61 18.64 428 | 32.52 | 23.22 | 70.09 4147 | 92.39 5.63 33.00 | 21.40
23 Clone53 2.86 30.09 22.31 471 | 27.02 | 2430 | 99.38 21.61 | 65.12 8.66 51.61 | 19.71
24 Clone3 2.93 36.72 13.74 324 | 3191 | 1691 | 53.24 54.09 | 10344 | 6.28 31.71 | 14.06
25 Clone72 3.14 28.96 15.80 5.11 | 30.84 | 26.60 | 55.86 65.20 | 89.72 4.67 2449 | 8.98

26 Clone25 1.53 30.75 14.29 491 | 26.52 | 2641 | 62.14 64.62 | 73.41 447 39.41 | 13.89
27 Clone46 4.28 42.14 13.89 4.09 | 29.51 | 21.65 | 58.66 54.49 | 90.28 5.24 36.31 | 23.00
28 Clone65 2.24 31.24 13.21 3.62 | 31.74 | 20.15 | 47.87 63.67 | 97.43 5.27 29.61 | 8.42

29 Clone82 2.93 38.11 16.12 442 | 32.97 | 23.47 | 58.81 53.29 | 94.40 3.66 26.25 | 21.21
30 Clone7 4.59 34.82 17.84 3.05 | 26.15 | 15.55 | 71.51 27.28 | 82.97 12.38 56.74 | 17.93
31 Clone67 4.37 39.50 13.22 3.57 | 25.22 | 16.63 | 52.40 46.38 | 98.00 6.58 47.33 | 21.75
32 Clone44 4.43 33.89 16.79 3.49 | 28.96 | 20.27 | 63.22 46.98 | 88.60 7.22 36.89 | 26.68
33 Clone35 4.17 41.64 16.11 3.74 | 2890 | 17.20 | 65.63 38.95 | 86.23 7.84 46.34 | 12.37
34 Clone31 4.85 32.31 16.91 3.01 | 25.60 | 16.38 | 74.54 32.43 | 72.78 8.61 60.50 | 16.13
35 Clone49 2.80 43.62 15.15 420 | 32.86 | 22.01 | 59.61 45.07 | 100.83 | 6.75 22.85 | 18.93
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36 CLONEI100 | 3.11 37.00 13.50 329 | 27.64 | 16.12 | 52.96 46.37 | 99.80 3.74 42.52 | 15.38
37 Clonel6 2.94 43.99 16.12 3.84 | 27.71 | 19.31 | 73.18 28.86 | 84.70 6.95 48.14 | 20.95
38 Clone21 3.39 37.83 14.79 3.61 | 2344 | 19.38 | 69.63 36.07 | 71.63 10.86 57.52 | 21.21
39 Clone71 3.48 39.83 14.54 3.77 | 2742 | 19.72 | 50.88 50.65 | 101.57 | 3.32 33.57 | 14.02
40 Clone85 3.44 34.98 13.70 3.15 | 32.11 | 16.12 | 39.96 60.81 | 102.29 | 4.38 29.95 | 21.04
41 Clone81 3.97 38.19 13.31 292 | 23.14 | 17.02 | 65.60 40.80 | 66.20 10.11 6091 | 29.28
42 Clonel7 3.09 37.85 13.85 3.23 | 23.55 | 18.10 | 65.47 38.99 | 67.24 14.38 55.94 | 22.74
43 Clone5 2.76 38.01 16.38 325 | 22.72 | 16.35 | 77.33 25.74 | 70.58 8.62 62.18 | 14.74
44 Clone48 4.76 46.25 15.57 3.52 | 32.68 | 18.27 | 50.28 41.83 | 109.65 | 2.87 27.81 | 15.47
45 Clone93 5.35 41.22 14.02 440 | 31.55 | 23.44 | 48.76 65.36 | 84.11 3.97 26.04 | 19.44
46 Clone9%4 2.62 34.70 15.20 439 | 26.60 | 23.29 | 73.72 33.05 | 70.17 5.65 50.44 | 12.92
47 Clone23 2.79 35.57 17.21 3.99 | 24.76 | 20.58 | 78.76 25.33 | 71.09 10.33 51.63 | 22.95
48 Clonel9 1.92 36.48 12.50 353 | 27.72 | 17.85 | 56.30 52.07 | 81.70 6.02 40.61 | 11.98
49 Clone36 3.17 34.81 15.20 4.03 | 26.71 | 20.56 | 72.25 33.83 | 74.05 8.25 46.36 | 16.51
50 CLONEI103 | 2.41 33.36 11.57 376 | 29.92 | 18.86 | 44.74 60.44 | 87.27 4.38 35.15 | 20.56
51 Clone34 2.97 36.28 17.46 4.00 | 22.40 | 18.83 | 66.55 3345 | 75.95 9.08 54.16 | 16.19
52 Clone32 2.84 40.60 14.61 3.81 | 30.03 | 17.83 | 50.44 51.12 | 90.12 6.09 34.01 | 14.39
53 Clone45 2.76 32.14 11.37 3.80 | 24.17 | 19.46 | 57.67 42.00 | 64.13 11.82 59.94 | 15.02
54 Clone8 3.76 36.61 16.37 297 | 28.61 | 1535 | 63.89 28.02 | 90.19 5.95 45.99 | 15.33
55 Clone66 3.93 36.72 13.41 4.06 | 31.91 | 20.64 | 48.70 55.71 | 86.94 6.40 26.89 | 12.22
56 Clone83 5.36 34.46 14.72 3.88 | 29.17 | 19.64 | 54.04 51.43 | 87.27 4.16 3143 | 2221
57 Clonel 4.82 38.05 15.86 3.98 | 30.58 | 17.11 | 52.00 4745 | 91.56 5.24 32.74 | 21.25
58 Clone30 3.90 36.84 12.29 3.19 | 27.21 | 15.19 | 48.57 49.97 | 88.36 5.67 41.23 | 10.90
59 Clone86 5.40 43.21 15.82 4.57 | 28.55 | 24.03 | 61.30 46.77 | 77.00 6.87 31.57 | 29.51
60 Clone4 4.61 42.61 16.00 3.27 | 25.09 | 15.83 | 62.05 29.24 | 78.70 12.61 52.32 | 18.38
61 Clone28 4.98 42.39 16.40 372 | 26.89 | 19.65 | 74.83 25.15 | 72.54 7.69 48.96 | 21.21
62 CLONE102 | 6.12 40.12 15.09 4.12 | 26.87 | 20.64 | 52.09 44.94 | 96.09 3.42 31.61 | 18.29
63 Clonel4 2.20 36.86 11.81 3.51 | 27.17 | 18.11 | 47.05 60.11 | 87.81 3.94 31.20 | 15.46
64 Clone42 5.62 39.62 11.61 3.82 | 26.59 | 19.35 | 43.21 59.21 | 88.05 6.61 31.20 | 21.10
65 CLONE99 3.32 34.25 12.52 4.09 | 26.67 | 20.61 | 49.45 56.02 | 82.85 4.92 33.17 | 14.62
66 Clone58 3.60 34.39 14.98 438 | 27.88 | 2291 | 58.10 45.89 | 81.37 6.52 30.50 | 23.46
67 Clonel3 3.67 37.11 12.20 3.78 | 28.40 | 16.57 | 43.31 56.30 | 84.86 7.33 36.21 | 15.24
68 Clone22 4.25 41.64 15.17 2.74 | 2691 | 1345 | 57.52 27.13 | 91.18 8.84 47.40 | 19.85
69 Clone92 5.16 39.60 16.09 4.67 | 28.67 | 25.28 | 58.68 47.02 | 81.66 435 26.63 | 16.24
70 Clone2 3.37 33.17 18.56 335 | 20.84 | 17.19 | 8245 2230 | 62.23 10.76 56.29 | 12.26
71 Clonel2 4.11 39.11 18.28 493 | 29.32 | 2334 | 55.52 42.84 | 88.65 3.26 25.55 | 20.54
72 CLONE98 4.16 38.42 15.15 327 | 2277 | 17.13 | 71.31 25.67 | 71.94 6.97 52.60 | 17.51
73 Clone75 3.12 36.29 11.15 2.88 | 26.35 | 1538 | 46.45 48.85 | 81.64 7.95 40.96 | 22.40
74 Clone76 2.84 33.52 14.92 425 | 29.54 | 23.11 | 58.58 47.14 | 73.61 3.64 31.80 | 15.02
75 Clone40 3.89 38.55 17.80 3.55 | 27.09 | 19.14 | 68.17 28.58 | 78.04 7.86 38.40 | 17.50
76 Clone78 4.37 35.71 13.04 3.57 | 26.39 | 20.11 | 49.85 56.86 | 77.53 5.88 29.94 | 27.44
77 Clone50 4.72 35.99 16.78 4.00 | 28.25 | 20.87 | 55.71 45.73 | 84.96 3.46 26.75 | 16.95
78 Clone90 3.79 40.14 13.62 3.52 | 3042 | 18.23 | 45.86 46.86 | 88.39 5.40 28.54 | 18.16
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79 Clone54 5.03 37.26 14.56 342 | 27.16 | 17.85 | 54.59 36.35 | 88.51 6.29 32.71 | 19.06
80 Clone20 3.25 33.93 13.29 5.82 | 27.86 | 28.32 | 54.05 51.30 | 62.73 4.83 33.40 | 18.08
81 Clone24 247 35.03 11.28 4.64 | 25.01 | 2439 | 48.75 58.54 | 72.28 4.28 28.16 | 15.85
82 Clone38 4.15 35.95 12.00 3.19 | 27.13 | 16.11 | 47.69 44.08 | 87.32 4.46 3230 | 25.41
83 Clone84 4.70 36.33 12.89 3.55 | 31.65 | 17.65 | 43.83 47.38 | 89.15 3.54 25.49 | 27.96
84 Clone79 2.50 30.26 13.13 3.79 | 26.06 | 18.40 | 48.31 49.33 | 81.05 4.25 31.03 | 17.97
85 Clone52 3.05 41.47 12.21 3.87 | 27.65 | 17.43 | 42.10 56.01 | 80.97 5.18 27.58 | 18.24
86 Clone26 2.04 31.09 13.68 3.51 | 25.94 | 17.33 | 45.65 47.66 | 82.65 435 33.27 | 13.56
87 Clone77 3.62 35.59 12.80 2.83 | 27.72 | 13.82 | 44.59 44.54 | 86.11 5.98 32.86 | 12.99
88 Clone73 3.09 36.26 12.14 3.87 | 2695 | 18.77 | 43.24 5432 | 82.11 3.60 26.31 | 24.56
89 Clone56 3.85 31.90 15.46 273 | 22.84 | 1400 | 73.41 14.28 | 76.19 7.94 45.51 | 20.43
90 Clonel0 2.79 27.00 13.68 340 | 2647 | 17.64 | 46.02 47.11 | 85.12 3.30 27.96 | 13.28
91 Clone27 2.71 39.31 11.34 3.49 | 27.33 | 17.08 | 40.34 5293 | 91.49 2.34 20.58 | 18.03
92 Clone74 4.66 33.20 15.28 432 | 2791 | 2149 | 47.39 57.01 | 69.43 4.55 2427 | 21.73
93 Clone88 3.79 36.50 12.00 4.14 | 27.65 | 21.70 | 42.27 61.09 | 67.57 4.19 27.39 | 17.75
94 Clone59 5.57 39.84 16.83 3.54 | 26.54 | 17.94 | 55.32 32.52 | 83.53 4.68 30.15 | 21.72
95 Clone47 4.36 40.59 14.72 3.38 | 27.53 | 17.96 | 50.86 37.31 | 80.73 3.01 31.73 | 22.24
96 Clone39 2.55 33.07 16.18 2.83 | 24.14 | 12.69 | 61.26 17.92 | 83.69 8.24 39.70 | 11.79
97 Clone43 3.82 32.72 14.56 2.89 | 25.38 | 14.21 | 56.51 27.59 | 75.74 7.68 40.16 | 26.42
98 Clone80 4.95 39.80 14.61 339 | 2793 | 17.12 | 43.49 38.57 | 89.19 4.64 23.56 | 26.34
99 Clonel | 222 34.42 11.37 3.17 | 24.67 | 16.11 | 40.38 51.82 | 76.34 443 29.67 | 25.57
100 | Clone6 1.62 31.52 10.55 3.08 | 21.74 | 16.98 | 43.58 49.57 | 72.01 3.90 33.66 | 14.39
101 | Clone41 2.71 37.21 16.01 2.80 | 25.15 | 14.67 | 56.83 22.39 | 70.26 4.40 36.63 | 21.52
102 | CLONE96 2.30 29.71 11.26 4.07 | 24.05 | 21.77 | 4641 44.11 | 62.22 4.77 26.81 | 13.38
103 | Clonel5 3.26 36.74 11.85 273 | 19.75 | 12.66 | 51.04 25.74 | 61.09 6.74 45.26 | 19.45
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Abstract

Genetic improvement of tea quality is an important objective in tea breeding. However, the
perennial nature of tea and the subjectivity of the sensory evaluation method limit selection to few breeding
lines. Marker assisted selection can improve the selection efficiency, especially for traits that are difficult,
challenging and costly to phenotype such as tea quality. Here, we used genome-wide association study
(GWAYS) to identify significant SNPs and candidate genes associated with tea quality and explored the
potential application of genomic selection (GS) in a tea breeding programme. Our analyses identified 64
SNP markers associated with quality related traits in tea, and 44 SNP markers with R*>0.2 were further
selected for identification of candidate genes. The potential candidate genes included several transferases,
cytochrome P450 704C1-like proteins, E3 ubiquitin protein ligases, ATP-dependent zinc metalloprotease
and exopolygalacturonases. Based on gene ontology annotation, 217 sequences were annotated, while 311
sequences had blast hits. Gene ontology terms for the 217 annotated marker sequences were assigned to

biological processes (38%), cellular component (34%) and molecular functions (28%). In total, 65 KEGG
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pathways and 6 major enzyme groups; hydrolases (45%), transferases (27%), oxidoreductases (14%),
ligases (5%), lyases (4%) and isomerases (2%) were identified. GS prediction accuracies of Ridge
regression best linear unbiased predictor (RRBLUP), Bayesian least absolute shrinkage and selection
operator (BayesLASSO), BayesA, BayesB and BayesCn were compared. Repeatability was high for all the
traits except catechin. The traits with the highest mean prediction accuracies across the models were;
Epigallocatechin gallate (ECGG) (0.62), Theanine (0.62), Epicatechin (EC) (0.61), Epicatechin gallate
(ECG) (0.61) and theobromine (0.61), while the traits with the lowest prediction accuracies were
Gallocatechin (GC) (0.33), catechin (0.36) and Gallic acid (GA) (0.42). The performance of all the GS
models were almost the same, with RRBLUP (0.53), BayesLASSO (0.53) and BayesA (0.53) performing
slightly better than BayesCn (0.52) and BayesCn (0.51). However, RRBLUP is recommended because it is
computationally simple to use compared to the other models. Our results show the potential for tea quality
to be predicted more efficiently using GS. The candidate genes and the associated SNPs provide valuable
resources for future studies to breed high quality tea varieties and to understand the basis of tea quality on
a chemical level, hence complementing the current organoleptic method of tea-tasting. The identified SNP

markers could be further fine mapped to evaluate their potential involvement in tea quality.

7.1. Introduction

Tea (Camellia sinensis (L.) O. Kuntze) quality is an important attribute and is defined by the flavour
and colour of tea liquor (hue) along with appearance of dry tea (leaf) (Zheng et al., 2016a). Flavour
comprises of taste, mouthfeel and aroma (Lawless et al., 2010). Taste of tea is characterized by the
astringency, bitterness, mellowness and slight sweetness (Lee et al., 2007). Mouth-feel is the heaviness,
thickness and strength of tea liquor, while aroma is influenced by more than 600 volatile compounds known
to be present in tea (Zheng et al., 2016a). Taste, mouthfeel, colour and aroma are generated by biochemical
compounds present in fresh tea shoots such as flavonoids, alkaloids, amino acids and volatile compounds

(Chen et al., 2018; Borse, 2012).
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Gene expression, functional annotation and proteins associated with quality traits in tea (Camellia
sinensis (L.) O. Kuntze) have been studied, based on a knowledge of which biochemical pathways are likely
to be involved and some candidate genes have been partially identified using linkage mapping studies (Xie
etal., 2019; Koech et al., 2019; Koech et al., 2018b). For instance, Koech et al. (2019) studied the functional
annotation of putative QTLs associated with black tea quality and drought tolerance in tea (Camellia
sinensis (L.) O. Kuntze) using a linkage map derived from 1,421 DArTseq markers. They identified 47
putative QTLs comprising of 6 caffeine, 25 catechins, 3 theaflavins, 9 QTLs for tea taster score and 3 QTLs
for percent relative water contents were detected. Additionally, they found 84 unigenes and a few putative
proteins that could be involved in flavonoid and alkaloid biosynthesis. The QTLs associated with caffeine,
individual catechins and theaflavins were clustered in the LG02 and LG04 map regions (Koech et al.,
2018b). However, these findings are less sensitive due to the genetic limitations imposed by using a bi-
parental mapping population that were derived from a linkage map. The mapping populations comprised
of 261 F, clonal progenies from two segregating populations comprising of TRFK St 504 and TRFK St 524
(Koech et al., 2018b). Bi-parental mapping populations used in QTL mapping capture a small portion of
the total genetic variation in a breeding programme and also produces low resolution locational information
because only a single generation of recombination is evaluated (Crossa et al., 2017).

GWAS is a powerful method used to detect and map QTLs based on significant association of
markers with phenotypic traits (Gupta et al., 2005). It exploits historical linkage disequilibrium to identify
marker-trait relationships within a natural or breeding population (Pasam et al., 2012), resulting in higher
mapping resolution (Yu et al., 2011; Stich et al., 2010). Important genes influencing tea quality can be
dissected using GWAS (Jin et al., 2016). For instance, the SNP marker SNP4318 was identified to be
significantly associated with caffeine content in tea and its’ function validated by site-directed mutagenesis
(Jin et al., 2016). However, although this is the only association mapping studies reported in tea, only a
limited set of genotypes (44 accessions) were studied.

GS is a modern breeding approach whereby a model based on genome-wide markers are used to
estimate individual breeding values of untested genotypes (Lorenz et al., 2011a; Jannink et al., 2010b;
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Heffner et al., 2009b; Meuwissen et al., 2001). GEBVs of the next generation of untested genotypes with
only genotypic information are computed using the constructed model and these are used for selection of
superior individuals without direct phenotypic evaluation (Meuwissen et al., 2001). In GS, the number of
markers are usually greater than the number of phenotypic measurements of the traits of interest, hence
there are more predictor variables compared to phenotypes, hence creating a “large p and small n problem”
(Lorenz et al., 2011a). Statistical models that have been developed to solve the problem of having large
numbers of molecular markers and fewer phenotypes include ridge regression best linear unbiased predictor
(rrBLUP), genomic best linear unbiased predictor (G-BLUP), the Bayesian models (BayesA, BayesB,
BayesC, BayesLASSO) and machine learning (Wang et al., 2018b; Lorenz et al., 2011a). GS models have
successfully been developed for predicting traits for many crops (Miiller et al., 2019; Grattapaglia et al.,
2018; Cerrudo et al., 2018; Tan et al., 2017; Sverrisdottir et al., 2017; Juliana et al., 2017; Bassi et al., 2016;
El-Dien et al., 2015; Resende et al., 2012a). GS can potentially reduce the length of the tea breeding cycle
in tea and increase gains per unit time through early selection, with the GS model being used to carry out
1-2 rounds of selection based on genotype alone, before the need to rebuild the model due to the change in
allelic frequencies caused by selection.

Our study was intended to accomplish the following objectives: 1) perform GWAS to identify
potential SNPs associated with biochemical traits in tea, 2) identify potential candidate genes associated
with tea quality for future studies, 3) assess the effectiveness and potential of GBS as a genotyping platform
for GS studies in tea, 4) estimate genomic and broad sense heritabilities of twelve quality traits assessed by
Nuclear Magnetic Resonance spectroscopy (NMR) in tea, 5) compare the prediction accuracies of five GS
models: Ridge regression best linear unbiased predictor (RRBLUP), Bayesian least absolute shrinkage and

selection operator (BayesLASSO), BayesA, BayesB and BayesCr .
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7.2. Materials and methods

7.2.1. Plant materials and phenotyping

Genotypes used in this study consisted of 103 tea varieties (clones), present in the UTK breeding
programme clonal field trials (CFTs) at Kericho (0°22” S and 35° 17° E), which is located at 2005 meters
above sea level and replicated at Jamji (0° 28’ S and 35° 11’E), situated at 1733 meters above sea level. The
training population was then phenotyped using NMR spectroscopy for 12 biochemical traits namely;
theobromine, caffeine, theogallin, gallic acid (GA), epicatechin (EC), gallocatechin gallate (GCG),
epicatechin gallate (ECG), epigallocatechin gallate (EGCG), epigallocatechin (EGC), theanine, catechin
(C) and gallocatechin (GC) according to Le Gall et al. (2004). The mean values of the phenotypic data used
in this study are presented in (Table S6. 2). For each of the trait, best linear unbiased predictors (BLUPs)
using their replicated data at each site were generated using linear mixed models in R (R. Core, 2015). The
restricted maximum likelihood (REML) method was used to estimate variance components assuming a
random effect model. BLUP values were estimated for each trait, by treating genotype and site as a random
effect. The Pearson’s correlation coefficient (r) was calculated between all the twelve traits. Shapiro-Wilk
test for normally distributed data was conducted for all traits in R (R. Core, 2015). All traits except theanine,
EGCQG, caffeine and EC were statistically significant with p-values under 0.05, and were normalized using

Log base 10 in R (R. Core, 2015).

7.2.2. Genotyping

GBS was used to genotype all the 103 genotypes in the training population and was conducted at
the Cornell University Institute of Genomic Diversity. Green leaf samples were collected early in the
morning from the CFTs, freeze-dried for 3 days and stored in waterproof aluminum sachets. The freeze-
dried samples were then shipped to ADNid laboratories in France for DNA extraction and quantification
using the DNeasy 96 Plant Kit (QIAGEN). High-quality DNA was then sent to Cornell University’s

Institute of Genomic Diversity for genotyping using GBS. A multiplexed, high-throughput GBS procedure
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was conducted according to the procedure of Elshire et al. (2011). Sequence data were obtained from 96-
plex Illumina HiSeq2000 runs. For genomic complexity reduction, the Pstl restriction endonuclease was
used. The SNP discovery and genotype calling was performed using the TASSEL (version 5.2.48)-GBS
pipeline which utilizes the Universal Network Enabled Analysis Kit (UNEAK) SNP calling algorithm,
tailored to species with no reference genome (Lu et al., 2013). Individuals with not more than 19% missing
SNPs were selected and missing SNPs were imputed using kNN algorithms in R using VIM software (R.
Core, 2015). The SNP markers were then recoded as -1, 0 and 1, corresponding to homozygous minor
alleles, heterozygous and homozygous major alleles, respectively. A total of 2779 SNPs from the 103-tea

genotypes were used in the present study.

7.2.3. Homology search, functional annotation and KEGG pathway assignment

All the 2779 SNP marker sequence tags were subjected to BLASTN search against the published
draft tea genomes (Xia et al., 2019) using CLC Genomics Workbench version 7. Functional annotation of
all the 2779 SNP markers was performed using BLASTX against the non-redundant GenBank protein
sequence database with a threshold E-value of 10 using Omicsbox 1.0.34 software (Conesa et al., 2008;
Conesa et al., 2005). The procedure used for BLASTX was; functional annotations, GO mapping,
annotation, InterProScan, Merge InterProScan with GO mapping, Enzyme Code Mapping and KEGG Maps
Functional Analysis. This has provided information on their potential biological process, molecular
function and cellular component. Additionally, the KEGG pathway analysis identified metabolic pathways

involved in biosynthesis of secondary metabolites and proteins in tea.

7.2.4. Population structure
All the statistical analysis was done in R (R. Core, 2015). To visualize the relatedness and
population structure among the 103 genotypes, the realized genomic relationship matrix was created from

the genotype matrix using the A. mat function in R via the rTBLUP (Endelman, 2011). Principle component
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analysis (PCA) was determined using the 2779 SNP markers and was estimated using the k-means

clustering function in R and the first two principle components were plotted (R. Core, 2015).

7.2.5. Heritability

Heritability was estimated from linear mixed models. Broad sense heritability was calculated as h?
= ¢%a/ (c’ato’sgto’e) (El-Dien et al., 2015; Bekele et al., 2014). Variance components were estimated
using the restricted maximum likelihood method (REML) using the Imer package in R (R. Core, 2015).
Where c?a is the genetic variance, 6°sg is the variance due to genotype by environment interaction and ¢’
is the error variance.

Genomic heritability was estimated as the ratio of the genomic and the phenotypic variance
(VanRaden, 2008) and was estimated using a genomic relationship matrix (de los Campos et al., 2015; de

los Campos et al., 2012).

7.2.6. Estimates of repeatability of traits

To estimate the repeatability of the NMR spectroscopy, 3 technical replicates of the 12 biochemical
traits from 31 samples were analyzed (Table S7. 2.). The data was subjected to linear mixed effects models
to estimate variance components. From the analysis of variance, repeatability of each trait was estimated
using the following formula as used by de Villemereuil et al. (2018).
Repeatability = 6%a/ (c’a+c2e)

Where 6?a is the genotypic variance while ¢ is the residual variance.

7.2.7. Genome wide association mapping and candidate gene selection
To identify the marker trait association (MTA) for all the biochemical compounds, GWAS was
performed using the 2779 SNP markers and the 12 biochemical traits using the mixed linear model (MLM)

procedure (Yu et al., 2006a), accounting for both population structure and kinship in TASSEL (Trait
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Analysis by aSSociation Evolution and Linkage) version 5.2.48 (Bradbury et al., 2007). Since the
population structure can result in false associations, it was factored in the analysis by using the first five
principal components (Price et al., 2006) as estimated using the default settings in TASSEL.

The 2779 SNPs were used for GWAS analysis, and the formula used to select significant markers
was P = 1/total number of SNPs markers = 3.59E-04 (Zhu et al., 2018; Ma et al., 2016). GWAS was
conducted using the mean biochemical data from samples at Kericho and Jamji sites (Table S7. 1). To
identify candidate genes, the position of significant SNPs from the GWAS results with R?> 0.2 were
mapped to the reference genome using CLC Genomics Workbench version 7 with default settings and the
reference genome was downloaded from Tea Plant Information Archive database (http://tpia.teaplant.org)
(Xiaetal.,2019). For the GWAS analysis, the mapped SNP markers were with scaffolds since the reference
genome is yet to be at pseudo-chromosomal level. The two available draft tea genomes have many scaffolds
and a high proportion of sequence repeat regions of 64% (Wei et al., 2018b) and 80.9% (Xia et al., 2017b).

However, the scaffold positions for each significant marker were identified and are reported in this study.

7.2.8. Prediction accuracies of the models for the biochemical traits

This study investigated the performance of 5 GS prediction models that differ on the assumptions
of marker effects. The GS models selected were Ridge regression best linear unbiased predictor
(RRBLUP)(Endelman, 2011; Meuwissen et al., 2001), the Bayesian least absolute shrinkage and selection
operator (LASSO) (Usai et al., 2009), BayesA (Meuwissen et al., 2001) BayesB (Meuwissen et al., 2001)
and BayesCn (Meuwissen et al., 2001).

RRBLUP is computationally similar to genomic BLUP (GBLUP) and it assumes that marker
effects are equally shrunk and normally distributed with the same variance (Meuwissen et al., 2001). It is
an infinitesimal model and assumes that all the markers have small effects and have non-zero variance. On
the other hand, the Bayesian models assume marker effects are independent, with different shrinkage and
variance. BayesA and BayesLASSO assume that all markers have a non-zero effect, and the marker

variances are derived from a scaled inverted chi-square and double-exponential distributions, respectively.
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Both BayesB and BayesCn are variable selection models since they are derived from two component
mixtures with a point of mass at zero that can either be a scaled-t or a normal distributions, respectively
(Habier et al., 2011).

All the GS models were implemented using the BGLR package with default settings for priors (de
los Campos et al., 2016) in R version 3.5.3 (R. Core, 2015). The GS analysis in BGLR was set for 12000
iterations and a burn-in setting of 2000. The predictive accuracy of all the GS models was estimated using
a 5-fold cross-validation approach for all the traits. The data was randomly divided into 5 subsections, and
one subset was also used as a distinct validation set (corresponding to 20% of the genotypes), while the
remaining four groups (80% of all the genotypes) were used as training population for fitting the GS models.
This process was repeated, each time with another subset, until all subsets had been used in both training
and validation steps. Each analysis was repeated with 10 different cross-validation groupings and the mean
GEBVs for the 10 subsets was calculated. The accuracy of the GS models was estimated as the Pearson

correlation between the mean GEBVs and the observed phenotypes (biochemical traits); #(GEBV:y).

7.3. Results

7.3.1. Biochemical traits

All the biochemical traits for all the 103 genotypes were analyzed using NMR spectroscopy. The
mean (mg per gram) biochemical contents, coefficient of variation and ranges are presented in Table 15.
The coefficients of variation ranged from 10.1% to 56.5%, signifying broad phenotypic variation. ANOVA
revealed highly significant differences (p<0.001) among all the traits, signifying existence of genetic
variation that can be exploited for breeding (Table S7. 3). When tested with Shapiro-Wilk, all traits except
theanine, EGCG, caffeine and EC are statistically significant with p-values under 0.05, implying that they
did not follow a normal distribution (Table 16). Once the data was normalized, all traits followed a normal

distribution and were then used for GWAS analysis (Figure 17).
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Table 15. Mean biochemical values (mg per gram), coefficient of variation (CV), and maximum and

minimum values of the biochemical traits (mg per gram) across the sites.

Trait CV %) | Mean (mg per gram) | Maximum (mg per gram) | Minimum (mg per gram)
Caffeine 10.1 37.83 46.66 27.92
Catechin 56.5 6.15 12.89 2.93
EC 19.6 28.81 34.95 22.51
ECG 13.7 60.65 112.61 40.51
EGC 18.9 43.42 69.30 17.13
EGCG 14.7 87.29 120.82 59.89
Gallic acid 22.8 4.08 5.82 2.94
GC 18.4 37.87 63.28 22.36
GCG 18.1 19.97 33.01 13.65
Theanine 29.9 19.09 29.82 10.70
Theobromine | 38.7 4.28 6.84 2.10
Theogallin 18.5 15.83 24.39 11.47

Table 16. Shapiro-Wilk Test for normal distribution.

Trait Shapiro-Wilk P value
Catechin 0.9202*** 0.00001
ECG 0.92832%%* 0.00003
GC 0.93653*** 0.00009
GCG 0.95491*** 0.00146
Theogallin 0.96214%** 0.00484
EGC 0.96746** 0.01220
Theobromine | 0.96761** 0.01252
GA 0.97224* 0.02886
Theanine 0.98 0.12200
Caffeine 0.99 0.34840
EGCG 0.99 0.49280
EC 0.99 0.75250
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Figure 17. Biochemical levels histograms showing the phenotype distributions for the 103-training
population. The biochemical contents were evaluated using NMR spectroscopy and measured in

milligram per gram tissue.

7.3.2. Repeatability of the biochemical measurements

From the data collected using NMR spectroscopy for the 12 biochemical traits, the coefficients of
repeatability (r) were determined (Table 17). Repeatability coefficient (r) measures the ability of individuals
to repeatedly express the measured traits over several periods of time. In this study, repeatability was
estimated to inform the individual consistency of the biochemical traits by the NMR process. It was
observed that the repeatability coefficients for all the traits were high except catechin and theobromine,
signifying that the NMR spectroscopy method used was reliable. Theanine and ECG had the highest
repeatability estimate at 0.98 and 0.96 respectively, while catechin had the lowest repeatability estimates at

0.34 (Table 17).
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Table 17. Repeatability coefficient of the traits.

Trait Repeatability coefficients (r)
Theanine 0.98
ECG 0.96
EGC 0.95
EGCG 0.95
Theogallin 0.93
Caffeine 0.93
GCG 0.91
GC 0.9
GA 0.9
EC 0.9
Theobromine 0.75
Catechin 0.34

7.3.3. Genotypic data analysis

A total of 155 billion base pair of good barcoded raw DNA sequence data were generated in GBS,
with an average of 2 million reads per genotype. TASSEL UNEAK SNP calling algorithms was used to
determine SNP polymorphism, resulting in 82,254 SNPs. Nature Source Improved Plants (NSIP) applied
an inhouse SNP calling algorithms to further filter to leave a high quality 2779 SNP dataset by decreasing
error rate and increasing reliability (Professor Steve Tanksley, Pers. com, May 2016, NSIP). The average
read count per sample per locus (SNP) was 39 and the average missing data is 19% per individual and per
marker.

The genome of the two main varieties of tea; Camellia sinensis var. sinensis (CSS; Chinese type)
(Wei et al., 2018b) and Camellia sinensis var. assamica (CSA; Assam type) (Xia et al., 2017c) have been
sequenced and the draft reports indicate that they contains 64% and 80.9% sequence repeat regions with
14,051 and 37,618 scaffolds respectively. Among the 2779 sequence tags, only 929 SNPs mapped to each

genome.
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7.3.4. Assessment of the population structure

The population used in this study consists of tea genotypes with diverse quality properties. Known
high-quality clones and poor-quality clones were selected. There were two clear population structures from
the heat map of the realized genomic relationship matrix (Figure 18). This was also confirmed by the
principal component analysis (PCA) of the genotype data, with the first two principal components

explaining 30% and 11%, respectively of the total marker variation, making a total of 41% (Figure 19).

Figure 18. Heat map of the realized genomic relationship matrix of the 103 tea (C. sinensis) genotypes.
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Figure 19. A PCA plot of the 2779 SNP markers for the 103 genotypes. The variance explained by

principal components 1 and 2 are indicated in parentheses.

7.3.5. Sequence homologies, functional annotation and gene ontology mapping

Based on gene ontology annotation, 217 sequences (7.8% of the total sequences) were annotated,
while 311 sequences (11.19% of the total sequences) had blast hits when blasted against the NCBI’s nr
database (Figure 20). The 217 annotated sequences that were assigned GO terms comprised of biological
processes (38%), cellular component (34%) and molecular functions (28%) (Figure 21). The GO terms
were analyzed from 43 different functional groups (level 3) (Figure 22). Within the biological process
cluster, the dominant GO terms were organic substance metabolic process, primary metabolic process,
cellular metabolic process, nitrogen compound metabolic process and biosynthetic process. Within the
molecular function group, the largest GO terms were heterocyclic compound binding, organic cyclic
compound binding, ion binding and hydrolase activity. For the cellular component, the largest GO terms
were intrinsic component of membrane, intracellular, intracellular organelle, intracellular part and

membrane-bounded organelle (Figure 22).
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Figure 20. Analysis progress of the blasted 2779 GBS sequence tag against the NCBI's nucleotide

database.

Figure 21. GO annotation of the 217 C. Sinensis sequences (level 3) that were grouped into biological

process, molecular function and cellular component.
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Figure 22. Summary of GO functional classification of the Camellia sinensis sequences based on high
score (in level 3) in the three main categories: biological process, molecular function and cellular

component.
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7.3.6. KEGG pathway analysis

In order to try to understand the biological functions of the genes involved in metabolism of
secondary metabolites in tea (Camellia sinensis (L.) O. Kuntze) the sequences were mapped to the KEGG
pathways information in the Omicsbox software version 1.0.34. Generally, a large number of functional
enzymes and regulatory proteins were identified (Figure 23; Table S7. 5 and Table S7. 6). In total, 217 C.
sinensis sequences were assigned to 65 KEGG maps and 573 EC (Table S7. 5 and Table S7. 6).

The pathways with the largest representation were; biosynthesis of antibiotics, purine metabolism,
drug metabolism, glutathione metabolism, fatty acid biosynthesis, pyruvate metabolism, arginine
biosynthesis, carbon fixation pathways in prokaryotes, cysteine and methionine metabolism, biotin
metabolism, pantothenate and CoA biosynthesis, propanoate metabolism and other pathways (Figure 23;

Table S7.5 and Table S7.6).
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Figure 23. KEGG pathway distribution.
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Six major enzymes were identified, and the most abundant were hydrolases (45%), followed by
transferases (27%) and oxidoreductases (14%). The other less abundant enzymes were ligases (5%), lyases

(4%), and isomerases (2%) (Figure 24; Table S7. 6).
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o
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Figure 24. KEGG ontology distribution of the major enzymes involved in metabolism of secondary

compounds in C. sinensis.

Among the 65 pathways, caffeine (Figure 25) and phenylalanine pathways (Figure 26) that are

directly involved in caffeine, theobromine and flavonoid biosynthesis were identified.
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Figure 26. Phenylalanine metabolism pathway identified in the 2779 SNP sequence tags.
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7.3.7. Markers significantly associated with the biochemical compounds

The BLAST results for all the markers that were significantly associated with the biochemical traits
at R>>0.2, their gene ID, p-values, scaffold position, the proportion explaining variation by the marker (R?)
and predicted gene function are presented on Table 18. In total, 64 SNP markers were significantly
associated with the biochemical traits (Table S7. 4.). After further analysis, 44 SNP markers with R*>0.2
were selected and the candidate genes associated with the markers identified in the tea plant information

archive database (http://tpia.teaplant.org/Functional Annotation_Locus.html) (Xia et al., 2019) (Table 18).

Twenty-three SNP markers were significantly (p < 3.59E-04) associated with ECG. TP71141 on
scaffold Scaffold3639 was the most significant marker for ECG explaining 42% of the variation (Table 18).
Twelve markers were significantly associated with GCG, and TP63459 (Scaffold4860) explained the most
variation at 48% (Table 18). Five markers were significantly (p< 3.59E-04) associated with theogallin.
TP39815 on scaffold Scaffold913 was the most significant marker for theogallin and it explained 37% of
the trait variation. The SNP marker TP394 (Scaffold261) was significantly (p< 3.59E-04) associated with
caffeine and theobromine. Additionally, markers TP71786 (Scaffold2336) and TP16595 (Scaffold629)

were significantly (p < 3.59E-04) associated with EGC and GA, respectively (Table 18).
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Table 18. SNP marker loci that are significantly (p < 3.59E-04) associated with the traits and the proportion of phenotypic variation they

explain (R?).

Trait Marker | p R2 Gene ID Gene Scaffold | Nearest predicted gene function

Caffeine TP394 8.99E-05 0.20 TEA028063.1 | LOC100250742 | Scaffold261 NADH dehydrogenase (ubiquinone) Fe-S protein 4
TP39815 2.29E-05 0.34 TEA032995.1 | LOC105796523 Scaffold913 LRR receptor-like serine/threonine-protein kinase GSO2 isoform X
TP59981 2.24E-05 0.23 TEA033170.1 | LOC100245826 Scaffold671 bifunctional aspartate aminotransferase and glutamate/aspartate-prephenate aminotransferase isoform X1
TP71141 6.57E-06 0.42 TEA012194.1 | LOC100264944 | Scaffold3639 | exopolygalacturonase
TP77023 0.000286 0.20 TEA019659.1 | LOC104594823 Scaffold3740 | fasciclin-like arabinogalactan protein 11
TP72124 1.71E-05 0.26 TEA030042.1 | LOC18592248 Scaffold319 Histone acetyltransferase of the MYST family 1 isoform 2
TP45007 1.13E-05 0.37 TEA014458.1 | LOC112526886 | Scaffold41 hypothetical protein Cerd_023771
TP36831 1.32E-06 0.30 TEA032612.1 | LOC101214471 Scaffold3498 | hypothetical protein Csa_5G146940
TP75665 2.24E-05 0.23 TEA026342.1 | LOC18788208 Scaffold1492 | hypothetical protein PRUPE ppa022614mg
TP49950 2.12E-07 0.29 TEA002229.1 ycfl Scaffold1983 hypothetical protein VITISV_018091
TP81945 0.000127 0.22 TEA008015.1 | ycfl Scaffold275 hypothetical protein VITISV_029931
TP62088 0.000102 0.21 TEA001150.1 | LOC103837981 Scaffold671 leucine-rich repeat extensin-like protein 4

ECG TP47049 3.4E-05 0.28 TEA010521.1 | LOC110008586 Scaffold838 mechanosensitive ion channel protein 5-like

TP28250 2.21E-05 0.23 TEA016188.1 | LOC102596302 Scaffold411 mitochondrial phosphate carrier protein 1
TP19784 2.71E-06 0.23 TEA016025.1 | LOC104606768 | Scaffold104 nifU-like protein 4

TP75737 0.000214 0.21 TEA029957.1 | LOC100250223 | Scaffold251 nuclear pore complex protein NUP160
TP59980 2.24E-05 0.23 TEA022841.1 | LOC111925338 | Scaffold981 poly(rC)-binding protein 3-like isoform X1

TP72125 9.98E-06 0.29 TEA018384.1 | LOC100257644 | Scaffold943 putative ATP-dependent helicase HRQ1 isoform X3
TP12308 0.000156 0.23 TEA015664.1 LOC105782641 Scaffold3726 transmembrane 9 superfamily member 1-like isoform X1
TP14758 8.97E-05 0.24 TEA021748.1 Scaffold214 uncharacterized protein
TP8361 0.000282 0.32 TEA021225.1 | LOC102594196 | Scaffold4319 | uncharacterized protein LOC102594196
TP13032 1.26E-05 0.37 TEA029936.1 | LOC102598318 | Scaffold251 unnamed protein
TP67837 6.26E-07 0.34 TEA018961.1 Scaffold242 unnamed protein product
TP81402 9.25E-05 0.24 TEA002759.1 Scaffold2800 | unnamed protein product
EGC TP71786 4.45E-05 0.20 TEA022074.1 | LOC105173585 Scaffold2336 | uncharacterized protein LOC105173585 isoform X2
GA TP16595 8.43E-05 0.20 TEA008540.1 | LOC104437397 | Scaffold629 probable mitochondrial chaperone BCS1-B
TP53892 5.2E-05 0.24 TEA009955.1 | LOC100251534 | Scaffold5952 | ATP-dependent zinc metalloprotease FtsH
TP63459 3.36E-05 0.48 TEA007457.1 | LOC114293921 Scaffold4860 | cytochrome P450 704C1-like protein
TP957 0.000151 0.22 TEA003188.1 | LOC100241573 | Scaffold930 E3 ubiquitin protein ligase RIN2
TP71141 1.78E-04 0.30 TEA012194.1 | LOC100264944 Scaffold3639 exopolygalacturonase
TP15601 0.000233 0.21 TEA020725.1 | LOC100266022 | Scaffold1672 | glutamic acid-rich protein
GCG TP45007 2.11E-04 0.35 TEA014458.1 | LOC112526886 | Scaffold41 hypothetical protein Cerd_023771
TP47049 1.32E-04 0.23 TEA010521.1 | LOCI110008586 Scaffold838 mechanosensitive ion channel protein 5-like
TP28250 7.97E-05 0.20 TEA016188.1 | LOC102596302 Scaffold411 mitochondrial phosphate carrier protein 1
TP16595 8.65E-06 0.26 TEA008540.1 | LOC104437397 Scaffold628 probable mitochondrial chaperone BCS1-B
TP27072 7.53E-05 0.36 TEA003563.1 | LOC104241249 Scaffold2924 | probable receptor protein kinase TMK 1
TP69675 0.000142 0.22 TEAO011118.1 | LOC100527400 | Scaffold879 uncharacterized protein LOC100527400
TP67837 1.18E-04 0.21 TEA018961.1 Scaffold242 unnamed protein product
Theobromine TP39%4 7.61E-06 0.26 TEA028063.1 | LOC100250742 Scaffold261 NADH dehydrogenase (ubiquinone) Fe-S protein 4
TP39815 2.49E-05 0.37 TEA032995.1 | LOC105796523 Scaffold913 LRR receptor-like serine/threonine-protein kinase GSO2 isoform X
TP71141 7.33E-05 0.28 TEA012194.1 | LOC100264944 Scaffold3639 exopolygalacturonase
Theogallin TP19784 1.10E-05 0.20 TEA016025.1 | LOC104606768 | Scaffold104 nifU-like protein 4
TP72125 3.06E-04 0.21 TEA018384.1 | LOCI100257644 Scaffold943 putative ATP-dependent helicase HRQ1 isoform X3
TP67837 6.50E-06 0.29 TEA018961.1 Scaffold242 unnamed protein product
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7.3.8. Heritability of the biochemical traits

The heritabilities of all the biochemical traits were calculated from both phenotypic and genomic
data. Broad-sense heritabilities of the traits were estimated using the procedure outlined by Henderson
(1975), while all markers were incorporated to estimate the genomic heritability (GBLUP) using a realized
genomic relationship matrix as described by VanRaden (2008). Broad sense heritability ranged from ECG
(0.67) to EC (0.09). Traits with high broad sense heritability were ECG (0.67) and EGC (0.65) (Table 19).
Traits with low broad sense heritability were EC (0.09) catechin (0.21), theanine (0.24), GA (0.24) and
theobromine (0.28) (Table 19). Genomic heritability ranged from 0.99 (Theogallin) to 0.52 (EC) (Table
19). Traits with high genomic heritabilities were theogallin (0.99), ECG (0.99), theobromine (0.95), EGC
(0.92) and EGCG (0.92) (Table 19). Traits with low genomic heritability were EC (0.52) and theanine

(0.59) (Table 19). The correlation between broad sense and genomic heritability was 0.67.

Table 19. Broad sense and genomic heritability estimates.

Trait Broad sense heritability | Genomic heritability
Caffeine 0.43 0.8419448
catechin 0.21 0.7006664
EC 0.09 0.5287559
ECG 0.67 0.9999315
EGC 0.65 0.9255677
EGCG 0.43 0.9246394
GA 0.24 0.7165658
GC 0.59 0.7958524
GCG 0.39 0.7416647
Theanine 0.24 0.5924403
theobromine 0.28 0.9551852
Theogallin 0.34 0.9999318

All traits had a higher genomic heritability compared to broad sense heritability (Figure 27).
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Figure 27. Comparison of broad sense and genomic heritability.

7.3.9. Prediction accuracies for the biochemical traits

The 2779 SNPs were regressed to each of the 12 biochemical traits and GEBVs were estimated for
all the genotypes using five different GS prediction models: RRBLUP (Endelman, 2011; Meuwissen et al.,
2001), BayesLASSO (Usai et al., 2009), BayesA (Meuwissen et al., 2001) BayesB (Meuwissen et al.,
2001) and BayesCn (Meuwissen et al., 2001). Correlations of the prediction accuracies were calculated
within the 103-training population using 5-fold cross-validation approach and repeated 10 times.

For theobromine, the models that gave the highest accuracies were BayesLASSO (0.65) and
RRBLUP (0.65). The least accuracy was obtained using BayesB (0.52) (Table 20). RRBLUP (0.58) had
the highest prediction accuracy for caffeine, while BayesB (0.43) had the lowest prediction accuracy for
the same trait (Table 20). TP394 was the most significant marker for caffeine and theobromine and it
explained 20% and 26% of the total variation, respectively (Table S7.4). For theogallin, RRBLUP (0.61)
and BayesA (0.61) models performed the best, while BayesCn (0.57) had the lowest prediction accuracy.
The most significant marker for theogallin was TP39815 and it explained 37% variation (Table S7.4).
RRBLUP (0.44) had the highest prediction accuracy for GA, while BayesB (0.37) had the lowest. RRBLUP

(0.62) and BayesA (0.62) had the highest prediction accuracies for both EC and ECG. Similarly, for both
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ECG and EC, BayesLLASSO (0.61), BayesCm (0.61) and BayesB (0.61) had the lowest prediction accuracy
(Table 20). The marker TP71141 was the most significant for ECG and it explained 42% of the variation
(Table S7.4). For EGC, BayesLASSO (0.56) had the highest prediction accuracy, while BayesCn (0.54)
had the lowest. For GC, BayesB (0.36) had the highest prediction accuracy while RRBLUP (0.31) and
BayesA (0.31) had the lowest. (Table 20). For GCG, BayesLASSO (0.50), had the highest prediction
accuracy, while BayesB (0.44) recorded the lowest accuracy (Table 20). The significant marker for GCG
that explained the most variation was TP63459 at 48% (Table S7.4). The models with the highest prediction
accuracy for EGCG were BayesB (0.64) and BayesCrn (0.64), while the lowest prediction accuracy was
recorded by RRBLUP (0.61) and BayesA (0.61) (Table 20). For catechin, BayesB (0.4) had the highest
prediction accuracy, while RRBLUP (0.33) had the lowest (Table 20). Two markers; TP32223 and
TP32224 were the most significant for catechin and they each explained 17% of the total variation (Table
S7.4). For theanine, BayesB, BayesBCn and BayesLASSO had the highest prediction accuracy of 0.63
each. However, RRBLUP (0.61) had the lowest prediction accuracy for theanine (Table 20).

The mean accuracies of the traits were averaged for all the GS models and the traits with the highest
prediction accuracy were; ECGG (0.62), Theanine (0.62), EC (0.61), ECG (0.61) and theobromine (0.61)
(Table 20). Traits with the lowest GS prediction for all the models were GC (0.33), catechin (0.36) and GA
(0.42) (Table 20). Similarly, the mean GS accuracies for all the traits was calculated across all the traits.
The performance of all the GS models were almost the same, with RRBLUP (0.53), BayesLASSO (0.53)
and BayesA (0.53) performing slightly better than the other models (Table 20). BayesB had the lowest

prediction accuracy in majority of the traits.

Table 20. Mean accuracy of traits for the five studied GS models.

GS model TB | Caffeine | Theogallin | GA | EC | GC | GCG | ECG | EGC | EGCG | Catechin | Theanine | Mean
BayesA 0.64 | 0.56 0.61 0431 0.62 | 0311049 |0.62 |0.55 |0.61 0.35 0.62 0.53
BayesB 0.52 | 0.43 0.59 0.37 1 0.61 | 036 | 0.44 | 0.61 | 0.55 | 0.64 0.40 0.63 0.51
BayesCn 0.60 | 0.48 0.57 0.40 | 0.61 | 0.33 | 048 | 0.61 | 0.54 | 0.64 0.37 0.63 0.52
BayesLASSO | 0.65 | 0.54 0.58 0431 0.61 | 0321050 | 0.61 [0.56 | 0.62 0.37 0.63 0.53
RRBLUP 0.65 | 0.58 0.61 044 10.62 | 031 | 049 |0.62 |0.55 |0.61 0.33 0.61 0.53
Mean 0.61 | 0.52 0.59 042 0.61 | 033 1048 |0.61 [0.55 |0.62 0.36 0.62
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7.4. Discussion

7.4.1. Population structure

The genotypes used in this study were selected from a larger population that was crossed and
planted at two sites in UTK. The training population was selected to be as unrelated as possible from all the
available genotypes in UTK breeding programme to create a diverse training population for use in genomic
prediction. The genetic diversity in the 103 genotypes was consequently large, which is important when
constructing GS prediction models. In this study, no major population structure was detected, signifying
that genetic diversity between alleles was large. The absence of strong genetic relationships across the entire
population also confirms the highly heterogenous and heterozygous nature of tea (Camellia sinensis (L.)
O. Kuntze) (Wei et al., 2018b; Wachira et al., 2005). A few studies on genetic relationships have been
conducted in tea using SSR markers (Wambulwa et al., 2016) and SNPs (Meegahakumbura et al., 2018a).
They concluded that the main varieties of tea grown in East Africa include Camellia sinensis var. sinensis
and Camellia sinensis var. assamica. Camellia sinensis var. assamica is the main type under cultivation
and has contributed more in major tea breeding programmes in East Africa (Wambulwa et al., 2016). This
study utilised SNP markers generated using GBS because they are the most abundant and contribute to
phenotypic variation for many traits (Yang et al., 2018a). The SNP markers used in this study revealed great

genetic diversity among the genotypes.

7.4.2. Repeatability

Repeatability is also defined as broad-sense heritability and is the proportion of phenotypic variance
explained by heritable (additive) and nonheritable (dominance, epistasis) genetic variance (Kruijer et al.,
2015). The present results show that repeatability was high for all the traits except catechin and
theobromine, indicating that the NMR spectroscopy used was reliable in determining the absolute values
of the biochemical compounds. The low estimates of repeatability for catechin indicated low genetic

variance and suggest differences in its response to the environment. This indicates that more replicates are
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required to give a reliable estimate and selection on the basis of first record is not recommended for
catechin. Yuan et al. (2014) while quantifying caffeine, gallic acid, theanine, epicatechin, EGC, ECG and
EGCG using 'H-NMR spectroscopy reported high accuracy, precision and repeatability values. They
recommended 'H-NMR spectroscopy to be adopted as a simple, rapid, and powerful tool for tea quality

evaluated (Yuan et al., 2014).

7.4.3. Markers and candidate genes associated with tea quality

Tea quality is influenced by catechins, caffeine, amino acids and aroma compounds present in fresh
tea shoots (Owuor et al., 2007; Balentine et al., 1997). These compounds influence the taste, mouth feel,
colour and aroma of tea (Scharbert et al., 2004; Liang et al., 2003). However, tea quality is a complex trait
that is influenced by variety, processing conditions, post-harvest handling and environmental conditions
(Borse, 2012). This study focused on identification of significant SNPs and functional annotation of the
candidate genes associated with tea quality. Similarly, we assigned biosynthetic pathways associated with
biochemical compounds influencing tea quality.

The presence of high levels of repeat regions and scaffolds still present in both draft tea genomes
is a major problem for studies involving genome wide association studies (GWAS) in tea (Wei et al., 2018b;
Xia et al., 2017¢) . In this study, only 929 SNP markers (33.42% of the total GBS tag sequences) were
mapped to the draft tea genome, implying that the genome assembly and content of the current tea genome
is incomplete; implying that further sequencing is necessary to improve the genome assembly and content
of the current tea genome. Only 217 sequences were associated with an annotation, suggesting that while
the Pstl restriction endonuclease used may be enriching for coding sequence and low copy sequences, it is
not exclusive to gene regions or that existing annotation is limited. Given that in silico detection is based
on only 64bp, it is perhaps not surprising as a result. However, it does imply that the annotations and
sequence content of the two draft genomes is incomplete.

GWAS is a useful tool for identifying the genetic loci and identifying candidate genes responsible

for genetic variation underlying targeted quantitative traits (Korte et al., 2013b). The accuracy of GWAS
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to identify markers associated with the traits of interest relies on the marker density, population size, genetic
architecture of the trait, and statistical technique used (Zhang et al., 2015). In this study, the MLM model
using the biochemical data and 2779 SNP markers were used to search for significant SNP markers
associated with each biochemical trait. The MLM model was used because it is more stringent compared
to the GLM model and allows for a reduction in spurious associations by simultaneously estimating and
incorporating the population structure and the kinship among individuals in the analysis (Su et al., 2019).
Population sizes ranging from 50 to 300 individuals have commonly been used in GWAS (Su et al., 2019;
Zhou et al., 2017). However, several factors such as cost of phenotyping, plant species size and breeding
objectives influence the population size.

The main genes involved in flavonoid and alkaloid biosynthesis in plants have been characterized
(Yue et al., 2018). Flavonoids are important polyphenols in tea and are grouped into catechins, flavones,
flavonols, flavanones, anthocyanins and isoflavonoids (Hodgson et al., 2010). Flavonoids are synthesized
through the phenylpropanoid biosynthetic pathways, whereby phenylalanine is first converted into 4-
coumaroyl-CoA, which goes into the flavonoid biosynthesis pathway (Wei et al., 2011; Guo et al., 2017).
The phenylalanine pathway was identified in this study. The main step in the flavonoid biosynthetic
pathway involves chalcone formation, and the chalcone synthase gene (CHS) encodes the key enzyme
involved (Dare et al., 2013). In this study, SNP marker TP2350 was aligned to one of the genes involved
in phenylalanine metabolism namely acylamidase (EC:3.5.1.4). Additionally, several groups of enzymes
were identified; isomerases (ec:5.3.1.5) by SNP TP22681, reductases (ec:1.1.1.169) by SNP TP59880 and
hydroxylases (ec:3.6.1.15, ec:3.4.16.4) by 25 different SNP markers. These enzymes modify the basic
flavonoid skeleton (Martens et al., 2010), leading to the different categories of catechins.

Transferases modify the flavonoid backbone with sugars, methyl groups and acyl moieties
(Ciarkowska et al., 2019; Falcone Ferreyra et al., 2012) hence modulating their physiological activity by
altering the solubility, reactivity and interaction of flavonoids with cellular targets (Bowles et al., 2005).
Acyltransferases are involved in the biosynthesis of anthocyanidins and various flavonoid groups (Chen et
al., 2011b). Glycerol-3-phosphate acyltransferase gene was identified by SNP marker TP12852. The gene
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UDP: flavonoid glycosyltransferase was associated with SNP markers TP52078 and TP82001. Flavonoids
are glycosylated with pentoses and hexoses, resulting in the functional and structural diversity of flavonoids
(Jones et al.,, 2001). Flavonoid glycosylation reactions mainly depend on UDP-sugar dependent
glycosyltransferases that use UDP sugars as sugar donors (Lairson et al., 2008). Diacylglycerol O-
acyltransferase (EC:2.3.1.20) and amino-acid N-acetyltransferase (EC:2.3.1.1) were also identified by SNP
markers TP21005 and TP68175, respectively in this study. Similarly, the KEGG pathway analysis showed
hypoxanthine oxidase (EC:1.17.3.2) and N-acetyltransferase (EC:2.3.1.5) as the main enzymes identified
in caffeine and theobromine biosynthesis, and were identified by SNP markers TP45290, TP4662 and
TP68175. Jin et al. (2016) reported tea caffeine synthase (TCS) as the main enzyme involved in the
formation of caffeine in tea by methylation of N-3(theobromine synthase, TS, EC 2.1.1.159) and N-1
(caffeine synthase, CS, EC 2.1.1.160).

The only significant marker for caffeine and theobromine was TP394 on scaffold Scaffold261 and
it was nearest to the gene that encodes NADH dehydrogenase (ubiquinone) Fe-S protein 4. NADH
dehydrogenase (ubiquinone) Fe-S protein 4 enzymes recycle NAD+ for use in glycolysis and the TCA cycle
and transfer the resulting electrons onto ubiquinone in the mitochondrial inner membrane (Galkin et al.,
2006). Among the alkaloids, caffeine is the most abundant in tea, while theophylline and theobromine are
present in low concentrations (Ahmad Bhawani et al., 2015; Chen et al., 2010). Caffeine and theobromine
are important quality indicators in tea, as they influence the taste and colour of tea (El-Shahawi et al.,
2012b).

SNP marker TP63459 on scaffold Scaffold4860 explained the most variation for the GCG trait and
was near the gene encoding cytochrome P450 704C1-like protein. Cytochrome P450 enzymes catalyze
hydroxylation reactions and play critical roles in the biosynthesis of secondary metabolites such as
flavonoids, terpenoids, alkaloids, fatty acids, hormones and pigments (Schuler, 1996). In tea (Camellia
sinensis (L.) O. Kuntze), Eminoglu et al. (2018) characterized a putative cytochrome P450 monooxygenase
gene (Csp450). However, this gene did not show preharvest period expression for the studied months; May,
July and September. They recommended further investigations and functional characterization of this gene

170 |Page



as it could reveal the function of the gene in the tea plant metabolism (Eminoglu et al., 2018). E3 ubiquitin
protein ligase has been profiled in tea (Camellia sinensis (L.) O. Kuntze) and is involved in catechins
biosynthesis (Xie et al., 2019). They reported that E3 ubiquitin protein ligases are enriched in the chalcone
isomerase activity and flavonoid metabolic processes. Analysis of KEGG pathway also revealed that E3
ubiquitin proteins ligases were mapped to similar pathways including flavonoid biosynthesis,
phenylpropanoid biosynthesis, ribosome and protein processing in endoplasmic reticulum (Xie et al., 2019).
ATP-dependent zinc metalloprotease FtsH on Scaffold5952 was associated with GCG and was identified
by SNP TP53892. ATP-dependent zinc metalloprotease FtsH enzyme is known to be expressed during the
withering process of tea (Camellia sinensis (L.) O. Kuntze) (Wu et al., 2018). Withering is the loss of
moisture and is a critical step in the manufacture of black tea as it significantly impacts on its’ quality (Deb
et al., 2016).

ECG and theogallin were associated with SNP marker TP71141 on Scaffold3639, and
exopolygalacturonase enzymes, which are a group of pectinases that have been used for fermentation of tea
and to improve tea quality (Camellia sinensis (L.) O. Kuntze) (Thakur et al., 2012). Fermentation is an
important step in tea manufacture and is catalyzed by the enzyme polyphenol oxidase (Samanta et al., 2015).
Bifunctional aspartate aminotransferase and glutamate/aspartate-prephenate aminotransferase was
associated with ECG on scaffold Scaffold671 and has been found to have a prenate transaminase activity,
which is a direct precursor for the biosynthesis of the aromatic amino acids phenylalanine and tyrosine (de
la Torre et al., 2014). Phenylalanine is involved in the biosynthesis of phenylpropanoid, which is a major

amino acid in the biosynthesis of catechins (Wei et al., 2011).

7.4.4. Genomic prediction models and heritability

GS simultaneously estimates all loci, haplotype and marker effects across the entire genome to
produce an estimate of the GEBVs of individuals and it requires that every marker is in linkage
disequilibrium with every QTL affecting the trait of interest (Heffner et al., 2009a). In this study, five GS
models namely; RRBLUP, BayesA, BayesB, BayesCn and BayesLASSO were fitted to predict the twelve
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biochemical traits. GS models attempt to captures total additive genetic variance across the entire genome
to estimate GEBVs among the selection candidates based on the sum of all marker effects (Lorenz et al.,
2011a). RRBLUP assumes marker effects are equally shrunk and all markers have equal variance
(Meuwissen et al., 2001). The Bayesian models assume the markers have different amounts of variation
and are more flexible while predicting traits with different genetic architectures (Habier et al., 2011).
Bayesian models are therefore suited for traits that are controlled by few large-effect genes compared to
RRBLUP (Beaulieu et al., 2014; Meuwissen et al., 2001).

Biochemical traits are considered to be quantitative traits and are controlled by many genes
(Kamunya et al., 2010). Therefore, differences between the prediction accuracy of the different models was
not expected to be large. In this study, RRBLUP, BayesLASSO and BayesA slightly outperformed BayesB
and BayesCr. In oil palm (Kwong et al., 2017) and cassava (Wolfe et al., 2017), the range in GS accuracies
was between 0.31-0.32 and 0.30-0.33 respectively, and machine learning methods slightly outperformed
the other methods. In potatoes, Sverrisdottir et al. (2017) found that all the models performed equally at
0.56. However, most GS studies in forest trees reveal that RRBLUP outperformed all the other models,
implying that all major traits in forest trees fit the infinitesimal model (Grattapaglia et al., 2018; El-Dien et
al., 2015; Resende et al., 2012b). Wang et al. (2015) reported BayesCn outperformed other models where
a small number of loci had a large effect on a trait, while there were no differences among the models when
the trait was controlled by many minor genes in wheat. However, RRBLUP model (Endelman, 2011;
VanRaden, 2008; Meuwissen et al., 2001) could be implemented in tea because it is computationally simple
to fit compared to the other models and has outperformed other models in many crops (Jan et al., 2016).

The heritability of each trait was estimated from the replicated phenotypic data and from genetic
data (de los Campos et al., 2015). The heritability of a trait significantly affects the response to selection
and improves the efficiency of GS over phenotypic selection (Zhang et al., 2017b; Hayes et al., 2009b).
High heritability leads to increased gain from selection for the traits of interest (Kruijer et al., 2015; de los
Campos et al., 2015). Broad sense and genomic heritability estimates were different for each trait, ranging
from high to low values. For ECG and EGC, the heritability was high for both methods, suggesting that
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little genetic gains could be achieved for this trait using SNP markers. Genomic heritability estimates were
higher than those from the phenotypic heritability for all the traits, suggesting that higher genetic gains can
be achieved using SNP markers. This illustrates that using molecular markers in breeding programmes
could improve the accuracy of obtaining reliable breeding values. The genomic heritability is the proportion
of phenotypic variance explained by the regressing phenotypes on molecular markers. Many polymorphic
markers are required to accurately estimate relatedness especially for distant relatives. RRBLUP relies on
estimating the realized kinship and is more accurate in estimating the hereditary relationships among
genotypes (de Roos et al., 2009). Our results agreed with other studies that GS is more beneficial where
traits have a low heritability (Goddard, 2009). For instance, EC, catechin, theanine, theobromine and GA
had low heritabilities but had good GS accuracies. This further shows that additional genetic gains could
be achieved using GS for traits with low heritabilities. For traits with low heritabilities, many markers and
a large training population is required to obtain higher GS accuracies as suggested by Lorenz et al. (2011b).
Heritability could also be improved by increasing the number of replications, years of recording phenotypic
data and experimental sites (Zhang et al., 2017b). Therefore, when designing a GS pipeline heritability of

the target traits in the training population should be high to achieve a high GS accuracy.

7.4.5. Implementing GS in tea breeding

Generally, our results suggest that GS has a great potential in predicting the performance of tea.
The predictions were higher for specific traits namely ECGG, theanine, EC, ECG and theobromine. The
main challenge facing all tea breeding programmes is the long generation interval, as it takes between 3 to
6 years for tea to grow from seedling to flowering (Mondal, 2014a). This means that developing an
improved tea variety using conventional methods requires many years of field selection (Corley et al.,
2018). The greatest impact of GS in tea breeding is reducing the length required to develop improved
varieties by bypassing some of the field-testing steps. This could be done by first applying GS early at the
nursery stage. The genotypes with high breeding values could then be tested in the field, selected and

released for commercial planting. Compared to conventional field selection method, GS can improve
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genetic gain per unit time significantly. The main factors that could be considered before implementing GS
in a tea breeding programme include prediction models, the size of the training population, the relationship
between the training and the breeding populations, heritability, genetic architecture of the trait of interest
in tea, marker density and cost-effective genotyping platforms.

The training population used to construct GS model should be closely related to the breeding
population and should be large as possible as this improves the accuracy of estimating marker effects
(Lorenz et al., 2011b). Zhang et al. (2017b) showed that prediction accuracy increased for all the traits in
maize with increasing training population size. Since tea has a high allelic diversity, the training population
should consist of genotypes with broad genetic diversity for the traits of interest.

Trait heritability is a key factor that significantly impacts on the accuracy of genomic selection
(Heffner et al., 2011). Our findings agreed with previous studies that prediction accuracy increases with an
increase in trait heritability (Zhang et al., 2017b). However, heritability could be improved by designing
field experiments for the training population to increase the number of replications, testing sites and years
of data collection (Mackay et al., 1999).

The density and type of markers to be used in constructing GS models influence the prediction
accuracy (Goddard et al., 2011). In this study, SNP markers were used because they are abundant in the
plant genome and they give higher prediction accuracies compared to other markers (Kwong et al., 2017).
Cheaper options of SNP genotyping include GBS, a simple highly-multiplexed next generation sequencing
platform that generates large numbers of SNPs (Elshire et al., 2011). GBS is less expensive compared to
other platforms and can provide genome-wide marker coverage for species that lack a reference genome
(Davey et al., 2011). However, SNP markers obtained by GBS usually contain a large proportion of missing
data across samples because fragments of the genome are sequenced at low depth, and hence some loci
could have zero coverage (Elshire et al., 2011). In GS, using a large number of markers and selecting a
suitable imputation algorithm enables the use of low-density SNP markers without a major loss in prediction
accuracy (Mulder et al., 2012; Habier et al., 2009). The most common imputation algorithms that could be
used include; mean, singular value decomposition (SVD), traditional k nearest neighbor (kNN), expectation
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maximization (EM) and random forest regression imputation algorithms (Rutkoski et al., 2013; Marchini
etal., 2010). GS requires genome wide markers that explain most genetic variation (Meuwissen et al., 2001)
and every marker should be in linkage disequilibrium with every gene affecting the trait of interest (Hayes
et al.,, 2009b). Therefore an increase in the length of LD or in marker number steadily improves the
prediction accuracy (Asoro et al., 2011a).

The type of model used for GS could impact on the prediction accuracy and mainly depend on the
complexity of the trait (Crossa et al., 2017). The main GS models developed differ on assumptions of the
trait architecture and they include RRBLUP, GBLUP, Reproducing Kernel Hilbert Spaces(RKHS),
Bayesian models (BayesA, BayesB, BayesC, BayesLASSO) and machine learning (Wang et al., 2018b;

Lorenz et al., 2011a). A suitable model could be tested and selected based on the complexity of the trait.

7.5. Conclusion

In this study, the 2779 SNPs were used in a GWAS to identify significant markers and candidate
genes associated with quality traits in tea. We also used a variety of models to predict tea quality using
catechins and caffeine present in fresh green leaf. Our study proves that conducting GWAS using SNP
markers represent a powerful approach for dissecting tea quality and identifying candidate genes in tea. We
identified 64 significant markers and 44 candidate genes associated with caffeine, ECG, GCG, theogallin,
GA and theobromine.

The main objective of GS is to use large numbers of molecular markers to estimate breeding values
of a population via model construction and then subsequent selection by genotypes, rather than phenotypes
in the next generation. Our results showed that the differences in accuracies between the methods evaluated
were small. Generally, RRBLUP, BayesLASSO and BayesA models slightly outperformed the other
methods. However, RRBLUP could be selected for use because it is computationally simple to use. The
high GS accuracies for nearly all the traits from our results clearly demonstrates the potential of GS using
genome wide SNP markers to predict high quality varieties in a tea breeding programme. While the main
benefit of GS in tea breeding is expected to be the reduction of the breeding cycle length by several years,
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the use of a realized genomic relationship matrix also enables the precise evaluations of genetic relationship

and heritabilities.
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15 Clone63 6.17 | 36.94 14.79 4.51 | 32.59 | 19.73 57.12 50.69 | 106.27 4.89 35.86 | 18.46
16 Clone53 3.02 | 33.57 21.40 498 | 28.38 | 24.27 | 93.17 26.02 | 74.71 8.54 48.94 | 21.18
17 CLONE95 6.70 | 41.15 18.11 4.52 | 31.65 | 20.80 | 61.03 46.69 | 101.11 6.27 35.82 | 21.54
18 Clone62 4.51 | 42.73 15.43 4.55 | 33.35 | 22.13 54.82 52.07 | 108.96 3.47 28.01 | 17.18
19 CLONE102 | 6.49 | 42.48 15.24 4.76 | 2991 | 22.13 58.27 49.12 | 103.06 4.53 35.67 | 15.60
20 Clone56 5.85 | 37.17 18.91 3.66 | 28.67 | 16.74 | 85.83 17.13 | 91.86 10.89 51.40 | 19.81
21 Clone71 3.96 | 43.40 15.37 432 | 31.14 | 20.51 55.24 51.08 | 107.86 331 33.10 | 16.70
22 Clone60 540 | 37.17 15.78 4.30 | 30.81 | 20.08 | 55.63 49.92 | 102.68 5.75 35.95 | 18.66
23 Clone46 3.93 | 42.06 14.60 4.27 | 29.76 | 22.20 | 62.02 51.28 | 93.39 5.72 35.68 | 18.87
24 Clone9 4.21 | 37.69 16.80 3.83 | 25.67 | 20.21 75.69 37.84 | 77.76 9.67 53.11 | 20.46
25 Clone3 3.47 | 35.98 15.26 3.72 | 3243 | 18.26 | 58.25 50.80 | 103.52 5.55 30.50 | 14.31
26 Clone67 4.69 | 42.11 13.75 3.98 | 2932 | 17.18 | 50.26 49.28 | 106.93 7.19 38.57 | 24.64
27 Clonel8 3.72 | 38.69 16.18 439 | 31.37 | 23.06 | 57.63 58.73 | 93.61 5.93 28.01 | 20.76
28 Clone21 3.16 | 36.87 15.66 3.58 | 25.13 | 19.20 | 73.91 35.65 | 77.41 11.04 55.87 | 19.73
29 Clone29 3.29 | 35.90 15.09 491 | 32.52 | 22.36 | 50.95 62.96 | 99.84 2.93 26.27 | 14.97
30 Clone91 3.20 | 34.28 18.59 430 | 31.24 | 21.92 | 69.85 39.70 | 93.64 4.68 35.47 | 22.72
31 Clone31 5.75 | 33.49 18.41 347 | 26.62 | 17.58 | 75.49 33.20 | 74.42 11.31 56.46 | 20.45
32 Clone49 2.72 | 44.02 14.85 430 | 31.62 | 21.59 | 60.95 47.57 | 99.29 7.26 26.74 | 18.57
33 Clone92 6.21 | 43.00 18.99 533 | 3297 | 26.90 | 65.73 47.57 | 91.24 4.62 2549 | 13.89
34 Clone64 5.58 | 42.79 15.03 399 | 30.87 | 18.16 | 59.64 40.53 | 96.60 6.45 41.52 | 14.03
35 CLONEI100 | 4.13 | 37.52 15.17 3.89 | 30.61 | 17.42 | 53.83 47.72 | 101.45 341 39.23 | 20.40
36 Clone66 3.77 | 36.97 14.40 4.65 | 32.72 | 21.04 | 48.59 57.72 1 99.30 4.68 28.41 | 10.90
37 Clone51 4.38 | 40.08 17.30 4.51 | 32.37 | 21.69 | 61.43 41.18 | 91.68 5.27 37.01 | 18.89
38 Clonel7 4.05 | 37.46 16.22 347 | 26.12 | 18.13 68.94 35.53 | 76.51 9.22 56.09 | 22.37
39 Clone65 2.87 | 33.69 13.93 3.69 | 32.10 | 19.46 | 46.39 58.87 | 100.58 4.89 26.94 | 10.70
40 Clone48 5.70 | 46.66 17.55 4.03 | 3347 | 19.62 | 53.86 42.32 | 106.72 3.79 29.34 | 14.83
41 Clone82 3.42 | 36.08 17.52 448 | 31.29 | 22.59 | 63.96 48.06 | 89.71 4.47 28.71 | 21.00
42 Clone72 4.12 | 28.36 16.50 5.14 | 31.02 | 26.16 | 55.79 64.42 | 82.80 4.03 23.97 | 12.09
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43 Clonel6 3.15 | 43.07 16.70 3.96 | 28.05 | 19.25 | 73.60 29.22 | 84.27 7.39 46.35 | 21.49
44 Clone9%4 2.88 | 36.70 15.52 4.52 | 26.57 | 2335 | 75.72 32.71 | 69.43 8.64 5145 | 13.94
45 Clone30 4.53 | 3841 13.21 3.45 | 28.96 | 16.44 | 49.71 51.18 | 94.93 5.43 39.77 | 16.17
46 Clone33 4.11 | 38.00 13.15 4.23 | 2940 | 21.90 | 54.58 50.61 | 90.09 4.65 34.47 | 16.56
47 CLONE103 | 3.14 | 33.63 13.33 4.18 | 30.92 | 20.20 | 47.10 58.94 | 89.81 4.34 33.67 | 17.47
48 Clone5 3.69 | 38.08 16.85 3.50 | 24.33 | 16.69 | 77.42 25.16 | 73.80 7.42 59.73 | 17.01
49 Clone86 6.26 | 42.63 17.16 4.98 | 28.95 | 25.23 | 64.71 45.55 | 81.23 6.56 31.62 | 26.21
50 Clonel3 3.94 | 37.20 12.90 4.03 | 30.17 | 16.79 | 44.71 59.17 | 92.73 5.30 34.57 | 17.31
51 Clone34 3.66 | 37.99 18.14 4.39 | 25.09 | 19.97 | 68.56 35.12 | 73.25 7.80 53.59 | 20.43
52 Clone2 3.47 | 34.75 18.83 3.76 | 23.73 | 17.78 | 84.34 22.72 | 66.08 10.45 58.17 | 14.46
53 Clone90 4.12 | 41.17 14.16 391 | 3132 | 18.96 | 49.51 49.52 | 97.52 5.46 30.83 | 16.56
54 Clone85 432 | 33.89 14.12 3.14 | 31.30 | 16.05 | 40.69 60.15 | 101.46 3.71 29.61 | 19.18
55 CLONE98 4.79 | 39.95 16.59 337 1 25.62 | 17.44 | 7442 2695 | 79.13 7.76 51.28 | 19.13
56 Clonel4 2.88 | 36.22 13.03 3.82 | 28.77 | 18.89 | 49.54 57.70 | 92.98 391 30.05 | 16.95
57 Clone44 4.10 | 35.74 15.98 3.36 | 27.76 | 19.29 | 63.87 38.74 | 82.88 6.34 41.28 | 25.48
58 Clone8 4.77 | 38.99 17.07 3.34 | 28.53 | 15.86 | 64.85 26.79 | 91.82 7.64 43.94 | 18.78
59 Clone54 6.36 | 39.41 16.23 3.79 1.29.63 | 18.68 | 60.51 36.67 | 93.61 6.36 33.63 | 18.53
60 Clone36 3.06 | 34.39 16.05 4.03 | 26.01 | 19.83 | 70.75 34.00 | 76.65 7.20 44.22 | 18.97
61 Clonel9 3.17 | 3832 13.57 3.89 | 28.47 | 18.58 | 54.81 48.60 | 86.22 5.88 36.07 | 18.42
62 Clone40 4.66 | 39.64 19.03 3.61 | 28.54 | 18.21 | 71.95 27.30 | 83.04 7.29 41.33 | 17.92
63 Clone38 4.40 | 37.18 14.06 3.58 | 29.12 | 16.69 | 53.26 43.13 | 94.60 6.10 34.77 | 21.42
64 Clone7 4.22 | 36.08 17.07 2.99 | 26.03 | 14.76 | 67.07 26.58 | 84.42 9.19 49.55 | 19.27
65 Clone83 4.86 | 33.84 14.15 3.59 [ 27.85 | 18.89 | 54.69 50.16 | 86.10 6.15 33.35 | 23.57
66 Clone32 3.62 | 42.31 15.99 4.08 | 29.92 | 1843 | 4931 49.21 | 94.21 5.45 30.04 | 15.56
67 Clone42 6.33 | 40.71 12.85 3.88 | 27.18 | 19.17 | 46.59 55.58 | 89.45 6.18 3241 | 20.11
68 Clonel2 3.88 | 37.88 17.81 4.55 | 3047 | 21.54 | 57.59 42.67 | 94.86 3.83 25.46 | 20.36
69 Clone50 6.10 | 37.46 17.10 436 | 27.93 | 21.55 | 57.68 47.18 | 87.40 4.00 30.43 | 16.82
70 Clone78 4.94 | 37.06 14.21 3.69 | 26.73 | 20.59 | 54.83 50.90 | 81.68 6.71 34.64 | 25.80
71 Clone22 446 | 41.78 15.96 294 | 2746 | 1393 | 59.23 27.37 | 91.94 8.37 47.36 | 24.72
72 Clone75 425 | 4146 12.48 345 | 27.14 | 17.21 50.90 48.38 | 79.68 7.31 44.99 | 26.71
73 Clone93 4.50 | 39.67 15.45 3.92 | 27.46 | 20.75 | 62.03 46.49 | 72.85 7.01 38.27 | 1843
74 Clone4 5.60 | 42.46 16.83 3.67 | 27.18 | 16.72 | 62.90 28.64 | 82.14 9.20 47.47 | 17.57
75 Clone28 5.04 | 43.06 16.80 3.80 | 26.61 | 19.16 | 75.24 23.39 | 73.45 7.95 48.09 | 23.33
76 Clonel 5.67 | 38.04 16.77 4.02 | 2995 | 17.71 | 53.38 43.84 | 91.29 4.77 32.70 | 18.64
71 Clone76 3.82 | 33.75 16.59 4.64 | 3098 | 2437 | 57.48 S1.11 | 74.90 3.96 30.24 | 15.65
78 Clone6 3.08 | 34.49 13.24 3.90 | 26.88 | 19.64 | 52.05 51.36 | 84.08 5.51 3243 | 16.02
79 Clone35 4.84 | 40.24 15.45 3.67 | 28.57 | 17.33 | 62.86 3391 | 79.16 6.16 43.61 | 18.02
80 Clones8 4.52 | 33.22 16.27 4.59 | 27.59 | 2332 | 61.65 41.78 | 77.49 6.31 31.98 | 20.00
81 Clone27 3.44 | 3943 12.63 3.88 | 29.74 | 18.32 | 43.98 54.63 | 97.16 3.89 22.36 | 19.39
82 CLONE99 3.63 | 3434 13.24 4.24 | 27.68 | 20.78 | 48.21 52.26 | 86.77 4.35 29.92 | 17.13
83 Clone73 4.40 | 37.00 14.69 446 | 28.60 | 20.68 | 48.57 51.51 | 89.03 3.93 27.51 | 21.72
84 Clone45 296 | 33.35 11.64 3.84 | 22.87 | 19.46 | 59.12 39.03 | 59.89 9.11 60.17 | 16.96
85 Clone23 2.20 | 34.67 15.48 3.69 | 22.83 | 1885 | 72.18 2492 | 67.55 9.64 51.13 | 20.81
86 Clone20 2.60 | 32.88 12.99 5.66 | 28.14 | 27.74 | 54.13 52.13 | 67.11 5.06 31.06 | 19.95
87 Clone52 3.71 | 41.51 13.22 4.05 | 28.42 | 18.11 | 46.66 51.11 | 84.13 4.78 31.71 | 16.77
88 Clone84 531 | 35.40 14.22 4.06 | 31.70 | 18.26 | 45.02 48.00 | 94.25 3.47 24.02 | 29.10
89 Clone88 445 | 37.98 12.43 432 | 28.29 | 22.58 | 44.38 65.02 | 70.83 4.03 28.93 | 17.89
90 Clone39 2.53 | 3593 17.56 3.12 | 25.24 | 14.37 | 68.35 18.53 | 83.96 6.84 46.58 | 12.23
91 Clonel0 2.68 | 27.92 14.87 3.79 | 28.13 | 18.32 | 47.74 48.00 | 90.35 3.24 2591 | 16.77
92 Clone26 244 | 30.84 15.47 3.80 | 27.44 | 1791 | 47.37 47.56 | 86.40 4.16 30.20 | 15.05
93 Clone43 3.58 | 36.58 16.83 3.50 | 25.61 | 16.27 | 60.75 29.58 | 74.48 8.34 45.06 | 22.49
94 Clone59 6.13 | 39.54 17.99 3.63 | 27.92 | 17.99 | 59.50 30.46 | 87.39 4.57 31.45 | 19.25
95 Clone77 3.86 | 35.24 14.02 3.29 | 27.30 | 15.54 | 47.83 42.63 | 86.61 591 31.65 | 17.95
96 Clone24 3.48 | 35.61 11.47 4.72 | 25.01 | 24.12 | 48.65 57.54 | 68.92 4.83 26.99 | 17.30
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97 Clone47 5.62 | 40.19 15.46 3.78 | 28.07 | 18.47 | 49.03 | 40.65 | 87.92 3.37 27.80 | 22.32
98 Clone41 3.97 | 39.36 18.03 3.38 | 2720 | 15.64 | 63.69 | 23.76 | 77.06 6.15 40.76 | 25.69
99 Clone80 6.51 | 40.77 15.79 3.55 | 28.66 | 17.02 | 4540 | 3831 | 94.13 4.29 22.70 | 27.11
100 Clone74 3.83 | 34.15 15.03 4.35 | 2675 | 2095 | 4547 | 51.77 | 72.73 4.12 26.51 | 26.23
101 Clonel 1 2.41 | 35.11 12.23 334 | 2528 | 16.08 | 40.51 | 49.83 | 80.27 | 4.10 27.12 | 28.85
102 Clonel5 3.44 | 37.61 12.88 3.04 | 22.51 | 13.65 | 53.91 | 26.95 | 66.99 7.10 44.47 | 21.71
103 CLONE96 | 2.85 | 30.37 11.67 4.27 | 2421 | 22.04 | 46.74 | 41.59 | 66.51 4.88 26.85 | 13.70
Table S7. 2. Mean biochemical values (mg per gram tissue) of the NMR spectroscopy for the technical
replicates of all the traits.
Biological Technical
Replicate replicate Clone TB Caffeine Theogallin GA EC GCG | ECG EGC EGCG Catechin GC Theanine
1 1 CLONE97 | 0.26 | 27.59 13.31 224 | 1277 | 2330 | 99.80 | 9.09 | 54.69 | 17.65 5145 | 1439
1 1 Clone22 093 | 3325 17.89 227 | 1086 | 10.14 | 49.56 | 1893 | 70.96 | 15.12 37.87 | 1381
1 1 CLONE99 | 1.20 | 3277 10.89 288 | 2066 | 13.06 | 42.38 | 36.64 | 71.87 | 3.90 2135 | 14.12
1 1 Clone65 0.14 | 28.44 14.41 245 | 2039 | 1250 | 4026 | 44.19 | 7658 | 5.71 17.45 | 8.18
1 1 Clone21 072 | 28.48 12.37 132 | 1880 | 12.14 | 63.97 | 2658 | 5699 | 595 43.54 | 16.63
1 1 Clonel 1 0.60 | 33.07 14.12 326 | 1967 | 1055 | 3509 | 4375 | 67.96 | 5.68 16.44 | 20.33
1 1 Clone64 232 | 42.64 13.17 482 | 17.67 | 1396 | 5090 | 25.19 | 8422 | 5.18 28.66 | 10.12
1 1 Clone37 088 | 3838 19.46 528 | 23.04 | 1620 | 5407 | 3476 | 90.13 | 4.03 18.86 | 13.11
1 1 CLONE96 | 1.05 | 29.69 8.83 258 | 2624 | 1453 | 4507 | 34.14 | 5426 | 3.18 1537 | 9.02
1 1 Clone93 118 | 3545 13.37 234 | 2181 | 1718 | 6887 | 3262 | 56.08 | 21.42 40.32 | 8.71
1 1 Clone26 081 | 30.84 19.33 319 | 1682 | 1293 | 4178 | 2879 | 67.29 | 3.28 1649 | 13.68
1 1 Clones8 0.79 | 31.60 11.16 264 | 2437 | 1757 | 5852 | 40.14 | 73.20 | 5.00 2426 | 12.82
1 1 Clone78 214 | 36.63 12.83 165 | 2361 | 1583 | 4562 | 4432 | 67.03 | 3.18 1817 | 16.12
1 1 Clone89 250 | 3620 10.39 242 | 2095 | 1536 | 51.69 | 4348 | 80.38 | 12.02 2837 | 1648
1 1 Clone42 200 | 36.79 12.81 289 | 19.15 | 1320 | 49.80 | 41.15 | 76.05 | 12.82 33.04 | 10.14
1 1 Clone88 277 | 33.65 7.71 163 | 2591 | 1130 | 3845 | 47.82 | 56.63 | 3.85 1893 | 16.05
1 1 Clone19 078 | 32.11 10.37 265 | 1903 | 1211 | 4234 | 3987 | 67.60 | 4.69 2282 | 1230
1 1 Clone73 042 | 33.93 10.99 289 | 1894 | 11.90 | 4159 | 3612 | 74.50 | 281 17.88 | 16.39
1 1 HN/A 155 | 33.78 14.79 244 | 1666 | 11.98 | 53.65 | 2668 | 6585 | 12.17 3339 | 11.63
1 1 CLONE98 | 0.55 | 29.52 13.38 090 | 1LI1 | 1131 | 60.34 | 1621 | 59.65 | 7.75 3739 | 13.13
1 1 CLONEI01 | 0.89 | 31.92 16.29 338 | 2172 | 1845 | 62.63 | 3241 | 7140 | 1087 24.73 | 8.00
1 1 Clone8 1.76 | 38.49 19.08 304 | 1181 | 1256 | 5840 | 14.12 | 78.60 | 4.11 36.08 | 18.48
1 1 Clone28 175 | 40.62 14.49 339 | 19.69 | 1696 | 71.83 | 1747 | 57.03 | 6.20 37.05 | 18.14
1 1 Clone77 121 | 30.29 12,97 2.04 | 1286 | 940 | 3580 | 3051 | 6472 | 6.78 2241 | 10.79
1 1 Clonel8 053 | 31.9 10.14 197 | 2129 | 1350 | 4442 | 4354 | 71.47 | 7.03 17.38 | 1553
1 1 Clonel 219 | 35.87 16.90 280 | 1641 | 1393 | 46.02 | 3035 | 7555 | 3.33 2355 | 1222
1 1 Clone60 0.00 | 33.65 11.03 235 | 1666 | 11.27 | 39290 | 4094 | 74.55 | 3.11 23.82 | 1847
1 1 CLONE95 | 2.70 | 39.31 16.96 354 | 17.72 | 1506 | 5096 | 3231 | 9017 | 12.11 27.08 | 1343
1 1 CLONEI104 | 1.26 | 30.65 10.49 273 | 1159 | 8.08 | 2617 | 3497 | 5880 | 3.65 14.92 | 9.19
1 1 CLONEI105 | 2.13 | 26.09 12,92 190 | 2131 | 1071 | 4200 | 60.13 | 7651 | 6386 28.05 | 14.33
TRFK
1 1 301/6 7.40 | 16.87 18.42 725 | 2644 | 21.33 | 5926 | 1840 | 8421 | 1.73 091 | 771
1 2 CLONE97 | 033 | 2850 13.94 228 | 1413 | 2357 | 10262 | 10.05 | 5465 | 7.33 4721 | 1536
1 2 Clone22 114 | 3857 19.50 259 | 1259 | 1244 | 5505 | 2070 | 7582 | 12.57 37.72 | 1459
1 2 CLONE99 | 1.14 | 3333 10.82 262 | 2017 | 1383 | 4325 | 3629 | 7296 | 2.68 2073 | 15.01
1 2 Clone65 035 | 27.06 13.87 188 | 1858 | 1213 | 40.60 | 4090 | 7324 | 2.56 17.59 | 8.17
1 2 Clone21 097 | 29.97 12.86 151 | 1932 | 1395 | 6547 | 2729 | 5887 | 14.82 44.78 | 17.79
1 2 Clonel1 0.65 | 34.50 14.62 275 | 1962 | 1156 | 37.98 | 4549 | 7239 | 4.07 17.37 | 20.99
1 2 Clone64 231 | 41.76 13.00 447 | 1685 | 1371 | 5145 | 2518 | 8545 | 4.29 28.08 | 10.04
1 2 Clone37 108 | 3591 19.31 3.98 | 2015 | 1473 | 51.63 | 34.38 | 83.84 | 467 17.69 | 12.32
1 2 CLONE96 | 1.24 | 30.25 9.17 312 | 2820 | 1521 | 4505 | 3491 | 5578 | 3.73 14.37 | 9.08
1 2 Clone93 102 | 3388 13.11 192 | 2093 | 1696 | 7145 | 3328 | 5931 | 24.89 47.08 | 9.15
1 2 Clone26 053 | 29.87 18.79 317 | 1609 | 11.97 | 4218 | 2805 | 67.28 | 330 18.12 | 13.68
1 2 Clones8 0.65 | 32.59 11.93 3.64 | 2717 | 17.93 | 5969 | 4122 | 7517 | 571 2581 | 13.13
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1 2 Clone78 1.86 34.06 12.00 1.25 22.10 14.29 44.74 44.60 66.31 10.03 22.02 15.93
1 2 Clone89 2.75 37.10 11.10 2.61 21.96 16.82 53.10 45.42 82.39 8.75 27.34 16.18
1 2 Clone42 1.65 35.52 12.51 2.51 17.93 13.19 50.76 40.82 77.89 7.61 33.12 9.96

1 2 Clone88 1.39 34.22 7.33 1.42 25.85 10.99 39.22 48.45 60.79 2.89 19.41 15.82
1 2 Clonel9 0.74 34.21 11.16 2.77 20.42 12.32 47.39 43.19 74.81 9.25 25.85 13.15
1 2 Clone73 0.89 32.21 14.17 2.34 15.64 10.73 51.89 25.45 63.67 7.72 33.52 11.44
1 2 Clone36 1.58 33.88 14.92 2.68 17.08 11.90 53.47 26.46 66.47 12.22 33.58 11.52
1 2 CLONE98 1.02 33.16 15.12 1.96 15.35 14.54 63.07 19.75 61.23 19.35 34.46 13.13
1 2 CLONEI101 1.53 32.52 16.91 3.65 22.59 19.12 63.86 31.74 72.17 3.25 23.84 7.86

1 2 Clone8 1.53 38.27 18.66 3.25 11.88 12.43 58.35 14.30 77.52 4.12 37.47 18.72
1 2 Clone28 1.83 40.18 14.78 3.11 19.46 17.28 72.22 18.08 57.45 7.54 37.99 17.87
1 2 Clone77 1.49 32.69 13.85 2.10 13.89 10.40 37.93 31.88 67.81 4.84 21.51 11.04
1 2 Clonel8 0.12 31.91 10.27 1.73 20.74 13.97 45.95 42.96 71.05 6.05 18.01 15.13
1 2 Clonel 1.33 35.05 16.65 2.39 15.40 13.36 44.26 30.33 74.88 9.46 24.30 12.09
1 2 Clone60 0.21 34.19 11.09 248 16.94 11.01 39.09 40.78 73.51 5.11 21.83 18.43
1 2 CLONE95 2.51 40.71 17.65 4.13 19.45 15.16 51.04 32.05 90.19 4.13 24.24 13.54
1 2 CLONE104 | 1.13 33.04 11.62 3.15 13.40 9.30 27.58 36.11 63.86 3.60 14.65 9.91

1 2 CLONE105 | 2.03 26.32 13.02 2.52 22.46 10.65 40.77 59.64 73.04 5.48 27.68 14.05
1 2 CLONE106 | 7.35 17.20 21.77 8.96 32.14 24.89 71.40 22.59 102.11 1.99 1.05 8.75

1 3 CLONE97 0.70 31.37 15.72 2.71 17.01 27.35 103.61 11.62 57.61 23.56 45.68 15.15
1 3 Clone22 1.28 38.06 19.46 2.60 12.39 12.38 53.36 20.23 74.29 6.38 37.29 14.38
1 3 CLONE99 1.30 32.48 10.84 3.13 21.08 12.88 41.60 35.87 70.58 7.83 20.57 14.39
1 3 Clone65 0.31 27.93 14.12 1.95 19.13 12.35 40.58 42.88 74.60 6.09 17.03 8.19

1 3 Clone21 0.89 29.76 12.69 1.49 19.50 13.55 63.42 27.50 57.21 24.93 43.78 17.97
1 3 Clonel 1 0.59 31.50 13.19 2.38 17.42 10.48 35.33 41.21 68.38 5.00 18.72 20.41
1 3 Clone64 2.05 39.48 11.89 4.51 16.16 11.53 48.56 24.86 83.93 6.55 27.70 9.69

1 3 Clone37 1.36 39.83 20.79 4.82 22.50 17.12 54.46 35.88 90.66 6.79 18.63 12.81
1 3 CLONE9%6 0.94 30.05 9.03 2.89 27.96 14.95 46.48 34.39 57.79 4.56 16.48 9.29

1 3 Clone93 0.98 32.78 12.58 1.74 19.15 16.58 69.00 31.66 57.40 8.13 45.49 9.16

1 3 Clone26 1.00 32.52 20.13 341 17.54 15.00 43.94 29.15 71.16 3.02 16.69 14.69
1 3 Clone58 0.18 31.55 11.92 3.17 26.04 17.22 57.49 41.15 71.42 5.25 24.01 12.85
1 3 Clone78 1.77 33.09 11.44 1.30 21.33 13.16 43.20 42.75 63.57 9.72 21.29 15.95
1 3 Clone89 2.52 34.49 9.95 2.40 20.68 14.25 51.54 43.43 80.62 15.77 31.25 16.62
1 3 Clone42 1.86 37.62 13.43 3.07 19.41 13.96 50.19 42.10 76.44 10.56 29.69 9.95

1 3 Clone88 2.81 35.26 7.95 1.95 27.56 11.59 38.99 50.26 59.20 3.68 19.39 16.22
1 3 Clonel9 1.16 37.71 12.43 4.07 23.69 14.42 45.82 43.98 71.35 4.15 17.57 12.15
1 3 Clone73 0.20 3433 11.39 3.20 20.12 13.66 42.37 35.18 76.19 2.56 18.21 16.37
1 3 Clone36 1.51 33.67 14.66 2.20 16.24 12.07 53.82 26.90 65.23 12.12 33.20 11.75
1 3 CLONE98 0.99 32.88 15.03 1.88 14.98 14.25 63.55 19.63 61.99 17.44 35.30 13.36
1 3 CLONEI101 1.47 33.55 16.82 4.14 23.65 18.93 63.74 32.03 72.39 3.45 24.55 8.12

1 3 Clone8 1.78 38.11 19.75 3.39 12.74 13.06 58.40 16.12 79.22 13.81 35.43 18.61
1 3 Clone28 1.89 41.17 15.34 3.55 20.93 17.25 71.11 18.46 56.71 6.87 37.49 17.92
1 3 Clone77 1.41 32.83 14.21 2.14 14.40 10.66 37.77 32.32 67.56 3.03 20.95 10.79
1 3 Clonel8 0.24 32.86 10.54 1.91 21.11 14.46 46.52 44.30 73.65 7.71 18.83 15.94
1 3 Clonel 1.20 37.60 17.78 3.17 16.96 12.68 45.06 31.78 76.83 3.88 20.49 11.98
1 3 Clone60 0.43 36.15 12.08 2.63 17.88 11.22 37.97 43.88 70.35 6.86 16.38 17.53
1 3 CLONE95 2.66 41.64 17.83 4.07 19.30 16.04 51.88 32.37 90.12 3.36 25.52 13.71
1 3 CLONE104 | 0.74 31.85 10.73 2.97 12.01 7.90 27.52 33.83 61.92 6.20 16.91 9.85

1 3 CLONE105 1.80 26.95 13.20 2.35 22.08 11.12 40.60 60.41 68.83 11.41 2243 13.48
1 3 CLONE106 | 6.84 16.34 18.84 7.50 27.03 21.52 63.74 18.51 90.80 1.80 0.95 8.09

Table S7. 3. Mean squares of ANOVA for biochemical compounds across the two sites.

TB Caffeine Theogallin GA EC GCG ECG EGC EGCG Catechin | GC Theanine
Genotype 8.2 HH* 77.82%%* 33.02%** 2.1648*** | 44.59** 66.51%%% | 977.99%** 809.26%** | 844 8*** 30.2%** | 616.04%** | 94.18***
Environment | 160.77*** | 433.98*** | 406.83*** | 28.65%** 341.05%** | 18.3ns 1623.19%** | 558.94** 3936.8%*%* | 0.42* 13.25 ns 666.04%**
GxE 2.1ns 13.93 ns 5.54 ns 0.69 ns 16.83 ns 14.44 ns 86.29 ns 63.27 ns 136.7 ns 10.5 ns 88.41*** 38.09 ns
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Error 2.74 14.48 8.56 0.86 31.87 13.06 68.83 67.26 163.8 12.09 48.67 32.59
CV (%) 38.7 10.1 18.5 22.8 19.6 18.1 13.7 18.9 14.7 56.5 18.4 29.9
LSD

(p<0.05) 2.66 6.107 4.7 1.49 9.06 5.8 13316 13.16 20.54 5.58 11.20 9.163

* Significant at P < 0.05.
** Significant at P < 0.01.

*** Significant at P <0.001.
ns, not significant, GCG, gallocatechin gallate, ECG, epicatechin gallate, EGC, epigallocatechin, EGCG.
Epigallocatechin gallate, GC, gallocatechin.

Table S7. 4. Significant SNP markers for all the biochemical traits.

Trait Marker Gene ID p-Value R2
1 Caffeine TP394 TEA028063.1 8.99E-05 0.20
2 Catechin TP32223 TEA028480.1 2.22E-04 0.17
3 Catechin TP32224 TEA017847.1 2.63E-04 0.17
4 ECG TP10709 TEA012849.1 3.08E-05 0.19
5 ECG TP12308 TEA015664.1 1.56E-04 0.23
6 ECG TP13032 TEA029936.1 1.26E-05 0.37
7 ECG TP14758 TEA021748.1 8.97E-05 0.24
8 ECG TP15975 TEA011547.1 2.77E-04 0.13
9 ECG TP19784 TEA016025.1 2.71E-06 0.23
10 ECG TP27846 TEA031023.1 3.12E-04 0.17
11 ECG TP28250 TEA016188.1 2.21E-05 0.23
12 ECG TP32223 TEA028480.1 2.65E-04 0.17
13 ECG TP32224 TEA017847.1 3.13E-04 0.17
14 ECG TP36831 TEA032612.1 1.32E-06 0.30
15 ECG TP39815 TEA032995.1 2.29E-05 0.34
16 ECG TP45007 TEA014458.1 1.13E-05 0.37
17 ECG TP47049 TEA010521.1 3.40E-05 0.28
18 ECG TP495 TEA026420.1 2.50E-04 0.17
19 ECG TP49950 TEA002229.1 2.12E-07 0.29
20 ECG TP59980 TEA022841.1 2.24E-05 0.23
21 ECG TP59981 TEA033170.1 2.24E-05 0.23
22 ECG TP62088 TEA001150.1 1.02E-04 0.21
23 ECG TP67837 TEA018961.1 6.26E-07 0.34
24 ECG TP71141 TEA012194.1 6.57E-06 042
25 ECG TP72124 TEA030042.1 1.71E-05 0.26
26 ECG TP72125 TEA018384.1 9.98E-06 0.29
27 ECG TP75665 TEA026342.1 2.24E-05 0.23
28 ECG TP75737 TEA029957.1 2.14E-04 0.21
29 ECG TP77023 TEA019659.1 2.86E-04 0.20
30 ECG TP81402 TEA002759.1 9.25E-05 0.24
31 ECG TP81945 TEA008015.1 1.27E-04 0.22
32 ECG TP8361 TEA021225.1 2.82E-04 0.32
33 EGC TP71786 TEA022074.1 4.45E-05 0.20
34 Gallic Acid TP16595 TEA008540.1 8.43E-05 0.20
35 GC TP71786 TEA022074.1 2.87E-04 0.17
36 GCG TP15601 TEA020725.1 2.33E-04 0.21
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37 GCG TP16595 TEA008540.1 8.65E-06 0.26
38 GCG TP27072 TEA003563.1 7.53E-05 0.36
39 GCG TP28250 TEA016188.1 7.97E-05 0.20
40 GCG TP45007 TEA014458.1 2.11E-04 0.35
41 GCG TP47049 TEA010521.1 1.32E-04 0.23
42 GCG TP49950 TEA002229.1 2.00E-04 0.15
43 GCG TP53892 TEA009955.1 5.20E-05 0.24
44 GCG TP63459 TEA007457.1 3.36E-05 0.48
45 GCG TP64501 TEA012672.1 1.92E-04 0.19
46 GCG TP67837 TEA018961.1 1.18E-04 0.21
47 GCG TP69675 TEAO011118.1 1.42E-04 0.22
48 GCG TP71141 TEA012194.1 1.78E-04 0.30
49 GCG TP71587 TEA006550.1 2.12E-04 0.19
50 GCG TP81516 TEA016098.1 1.61E-04 0.19
51 GCG TP9296 TEA031431.1 9.88E-05 0.18
52 GCG TP957 TEA003188.1 1.51E-04 0.22
53 Theobromine TP394 TEA028063.1 7.61E-06 0.26
54 Theobromine TP8427 TEA030743.1 2.57E-04 0.14
55 Theogallin TP10709 TEA012849.1 1.35E-04 0.16
56 Theogallin TP19784 TEA016025.1 1.10E-05 0.20
57 Theogallin TP28250 TEA016188.1 2.62E-04 0.17
58 Theogallin TP39815 TEA032995.1 2.49E-05 0.37
59 Theogallin TP495 TEA026420.1 1.79E-04 0.18
60 Theogallin TP49950 TEA002229.1 1.18E-04 0.15
61 Theogallin TP67837 TEA018961.1 6.50E-06 0.29
62 Theogallin TP71141 TEA012194.1 7.33E-05 0.28
63 Theogallin TP72125 TEA018384.1 3.06E-04 0.21
64 Theogallin TP78835 TEA018622.1 2.23E-04 0.18

Table S7. 5. KEGG ontology pathways.

Pathway Pathway ID | No. enzyme in pathway | Enzyme

1 Glycolysis / Gluconeogenesis map00010 2 ec:4.1.1.32 - carboxykinase

2 Glyoxylate and dicarboxylate metabolism map00630 2 ec:4.1.3.1 - lyase, ec:6.2.1.1 - ligase
ec:1.11.1.15 - thioredoxin peroxidase, ec:1.17.4.1
- reductase, ec:1.1.1.49 - dehydrogenase
(NADP+), ec:1.1.1.44 - dehydrogenase (NADP+-

3 Glutathione metabolism map00480 4 dependent, decarboxylating)

4 Tryptophan metabolism map00380 1 ec:3.5.1.4 - acylamidase

5 Pyruvate metabolism map00620 4 ec:4.1.1.32 - carboxykinase
ec:1.17.32 - oxidase, ec:2.3.1.5 - N-

6 Caffeine metabolism map00232 2 acetyltransferase
ec:2.6.1.42 - transaminase, ec:2.3.1.1 - N-
acetyltransferase, ec:1.3.5.1 - dehydrogenase,
ec:4.1.1.32 - carboxykinase (GTP), ec:4.2.1.9 -
dehydratase, ec:6.4.1.2 - carboxylase, ec:1.1.1.49 -
dehydrogenase (NADP+), ec:6.3.5.3 - synthase,

7 Biosynthesis of antibiotics map01130 13 ec:2.3.1.35 - N-acetyltransferase, ec:2.7.2.4 -

8 Monobactam biosynthesis map00261 1 ec:2.7.2.4 - kinase

9 alpha-Linolenic acid metabolism map00592 1 ec:1.3.3.6 - oxidase

10 Lipopolysaccharide biosynthesis map00540 1 ec:2.5.1.55 - synthase

11 Valine, leucine and isoleucine biosynthesis | map00290 2 ec:2.6.1.42 - transaminase, ec:4.2.1.9 - dehydratase

12 Styrene degradation map00643 1 ec:3.5.1.4 - acylamidase
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Glycosphingolipid biosynthesis - ganglio

13 series map00604 1 ec:3.2.1.52 - hexosaminidase
14 Valine, leucine and isoleucine degradation | map00280 1 ec:2.6.1.42 - transaminase
15 Nitrotoluene degradation map00633 1 ec:2.3.1.5 - N-acetyltransferase
Amino sugar and nucleotide sugar
16 metabolism map00520 1 ec:3.2.1.52 - hexosaminidase
17 Biosynthesis of unsaturated fatty acids map01040 1 ec:1.3.3.6 - oxidase
18 N-Glycan biosynthesis map00510 1 ec:3.2.1.106 - glucosidase
19 Phenylalanine metabolism map00360 1 ec:3.5.1.4 - acylamidase
20 Atrazine degradation map00791 1 ec:3.5.1.5 - ec:3.5.1.5 urease
21 Sphingolipid metabolism map00600 1 ec:3.1.6.1 - sulfatase
22 Aminoacyl-tRNA biosynthesis map00970 1 ec:6.1.1.14 - ligase
23 Aminobenzoate degradation map00627 1 ec:3.5.1.4 - acylamidase
ec:1.3.5.1 - dehydrogenase, ec:1.6.99.3 -
24 Oxidative phosphorylation map00190 2 dehydrogenase
ec:2.6.1.42 - transaminase, ec:2.7.2.4 - Kkinase,
25 Cysteine and methionine metabolism map00270 3 ec:2.3.1.30 - O-acetyltransferase
26 Folate biosynthesis map00790 1 ec:4.1.99.22 - 3'8-cyclase
27 Glycine, serine and threonine metabolism map00260 1 ec:2.7.2.4 - kinase
28 Fatty acid degradation map00071 1 ec:1.3.3.6 - oxidase
ec:3.2.1.2 - saccharogen amylase, ec:2.4.1.34 -
29 Starch and sucrose metabolism map00500 2 synthase
ec:3.1.1.1 - ali-esterase, ec:1.17.3.2 - oxidase,
ec:1.17.4.1 - reductase, ec:2.7.1.21 - inase,
30 Drug metabolism - other enzymes map00983 5 ec:2.3.1.5 - N-acetyltransferase
Alanine, aspartate and  glutamate
31 metabolism map00250 1 ec:3.5.1.2 - glutaminase I
ec:2.3.1.85 - synthase system, ec:6.4.1.2 -
carboxylase, ec:2.3.1.180 - synthase III,
32 Fatty acid biosynthesis map00061 4 ec:2.3.1.41 - synthase |
Glycosphingolipid biosynthesis - globo
33 and isoglobo series map00603 1 ec:3.2.1.52 - hexosaminidase
34 Pyrimidine metabolism map00240 2 ec:1.17.4.1 - reductase, ec:2.7.1.21 - kinase
35 Fructose and mannose metabolism map00051 1 ec:5.3.1.5 - isomerase
36 Aflatoxin biosynthesis map00254 1 ec:6.4.1.2 - carboxylase
ec:3.5.14 - acylamidase, ec:1.2.1.71 -
37 Arginine and proline metabolism map00330 2 dehydrogenase
ec:2.3.1.41 - synthase I, ec:2.6.1.62 - transaminase,
38 Biotin metabolism map00780 3 ec:6.3.3.3 - synthase
39 Various types of N-glycan biosynthesis map00513 1 ec:3.2.1.52 - hexosaminidase
40 Lysine biosynthesis map00300 1 ec:2.7.2.4 - kinase
41 Sulfur metabolism map00920 1 ec:2.3.1.30 - O-acetyltransferase
ec:2.6.1.42 - transaminase, ec:1.1.1.169 - 2-
42 Pantothenate and CoA biosynthesis map00770 3 reductase, ec:4.2.1.9 - dehydratase
43 Steroid hormone biosynthesis map00140 1 ec:3.1.6.1 - sulfatase
ec:3.6.1.15 - phosphatase, ec:2.7.6.5 -
diphosphokinase, ec:3.5.1.5 - ec:3.5.1.5 urease,
ec:3.6.1.11 - metaphosphatase, ec:1.17.1.4 -
dehydrogenase, ec:3.5.4.3 - deaminase, ec:1.17.3.2
- oxidase, ec:1.17.4.1 - reductase, ec:3.6.1.3 -
44 Purine metabolism map00230 10 adenylpyrophosphatase, ec:6.3.5.3 - synthase
45 Glycerolipid metabolism map00561 1 ec:2.3.1.20 - O-acyltransferase
ec:2.3.1.1 - N-acetyltransferase, ec:3.5.1.5 -
ec:3.5.1.5 urease, ec:2.3.1.35 - N-
46 Arginine biosynthesis map00220 4 acetyltransferase, ec:3.5.1.2 - glutaminase [
47 Methane metabolism map00680 2 ec:4.1.1.31 - carboxylase, ec:6.2.1.1 - ligase
Biosynthesis of secondary metabolites -
48 unclassified map00999 1 ec:2.3.1.30 - O-acetyltransferase
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49 Pentose and glucuronate interconversions map00040 1 ec:5.3.1.5 - isomerase
50 D-Glutamine and D-glutamate metabolism | map00471 1 ec:3.5.1.2 - glutaminase I
Ubiquinone and other terpenoid-quinone
51 biosynthesis map00130 1 ec:2.1.1.201 - methylase
52 Butanoate metabolism map00650 1 ec:1.3.5.1 - dehydrogenase
53 Glucosinolate biosynthesis map00966 1 ec:2.6.1.42 - transaminase
54 Riboflavin metabolism map00740 1 ec:2.5.1.78 - synthase
ec:3.1.1.5 - lecithinase B, ec:1.1.53 -
55 Glycerophospholipid metabolism map00564 2 dehydrogenase
56 Thiamine metabolism map00730 1 ec:3.6.1.15 - phosphatase
57 Cutin, suberine and wax biosynthesis map00073 1 ec:2.3.1.20 - O-acyltransferase
ec:1.3.5.1 - dehydrogenase, ec:i4.1.1.31 -
carboxylase, ec:6.4.1.2 - carboxylase, ec:6.2.1.1 -
58 Carbon fixation pathways in prokaryotes map00720 4 ligase
ec:3.1.6.14 - chondroitinsulfatase, ec:3.2.1.52 -
59 Glycosaminoglycan degradation map00531 2 hexosaminidase
Carbon fixation in  photosynthetic
60 organisms map00710 1 ec:4.1.1.31 - carboxylase
ec:1.1.1.49 - dehydrogenase (NADP+), ec:1.1.1.44
- dehydrogenase (NADP+-dependent,
61 Pentose phosphate pathway map00030 2 decarboxylating)
62 Other glycan degradation map00511 1 ec:3.2.1.52 - hexosaminidase
63 Peptidoglycan biosynthesis map00550 1 ec:3.4.16.4 - D-Ala-D-Ala carboxypeptidase
ec:1.3.5.1 - dehydrogenase, ec:i4.1.1.32 -
64 Citrate cycle (TCA cycle) map00020 2 carboxykinase
ec:6.4.1.2 - carboxylase, ec:4.1.3.30 - lyase,
65 Propanoate metabolism map00640 3 ec:6.2.1.1 - ligase

Table S7. 6. Enzymes involved in the biosynthesis of secondary metabolites.

Enzymes in in
Enzyme Pathway Pathway ID | Pathway
1 ec:1.1.1.169 - 2-reductase Pantothenate and CoA biosynthesis map00770 3
map00030,
ec:1.1.1.44 - dehydrogenase (NADP+- | Pentose phosphate pathway, Glutathione metabolism, | map00480,
2 dependent, decarboxylating) Biosynthesis of antibiotics map01130 2,4,13
map00030,
Pentose phosphate pathway, Glutathione metabolism, | map00480,
3 ec:1.1.1.49 - dehydrogenase (NADP+) Biosynthesis of antibiotics map01130 2,4,13
4 ec:1.1.5.3 - dehydrogenase Glycerophospholipid metabolism map00564 2
5 ec:1.11.1.15 - thioredoxin peroxidase Glutathione metabolism map00480 4
6 ec:1.17.1.4 - dehydrogenase Purine metabolism map00230 10
map00983,
Drug metabolism - other enzymes, Purine metabolism, | map00230,
7 ec:1.17.3.2 - oxidase Caffeine metabolism map00232 5,10,2
map00480,
map00240,
Glutathione metabolism, Pyrimidine metabolism, Drug | map00983,
8 ec:1.17.4.1 - reductase metabolism - other enzymes, Purine metabolism map00230 4,2,5,10
9 ec:1.2.1.71 - dehydrogenase Arginine and proline metabolism map00330 2
map01040,
Biosynthesis of unsaturated fatty acids, Fatty acid | map00071,
10 ec:1.3.3.6 - oxidase degradation, alpha-Linolenic acid metabolism map00592 1,1,1
map00720,
map00190,
Carbon fixation pathways in prokaryotes, Oxidative | map00020,
phosphorylation, Citrate cycle (TCA cycle), Biosynthesis | map01130,
11 ec:1.3.5.1 - dehydrogenase of antibiotics, Butanoate metabolism map00650 4,2,2,13,1
12 ec:1.6.99.3 - dehydrogenase Oxidative phosphorylation map00190 2
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13 ec:2.1.1.201 - methylase Ubiquinone and other terpenoid-quinone biosynthesis map00130 1
map01130,

14 ec:2.3.1.1 - N-acetyltransferase Biosynthesis of antibiotics, Arginine biosynthesis map00220 13,4

15 ec:2.3.1.180 - synthase III Fatty acid biosynthesis map00061 4

Cutin, suberine and wax biosynthesis, Glycerolipid | map00073,

16 ec:2.3.1.20 - O-acyltransferase metabolism map00561 1,1

map00999,
Biosynthesis of secondary metabolites - unclassified, | map00920,
Sulfur  metabolism, Cysteine and methionine | map00270,

17 ec:2.3.1.30 - O-acetyltransferase metabolism, Biosynthesis of antibiotics map01130 1,1,3,13
map01130,

18 ec:2.3.1.35 - N-acetyltransferase Biosynthesis of antibiotics, Arginine biosynthesis map00220 13,4
map00061,

19 ec:2.3.1.41 - synthase | Fatty acid biosynthesis, Biotin metabolism map00780 4,3
map00983,

Drug metabolism - other enzymes, Caffeine metabolism, | map00232,

20 ec:2.3.1.5 - N-acetyltransferase Nitrotoluene degradation map00633 5,2, 1

21 ec:2.3.1.85 - synthase system Fatty acid biosynthesis map00061 4

22 ec:2.4.1.34 - synthase Starch and sucrose metabolism map00500 2

23 ec:2.5.1.55 - synthase Lipopolysaccharide biosynthesis map00540 1

24 ec:2.5.1.78 - synthase Riboflavin metabolism map00740 1
map00290,
map00270,

Valine, leucine and isoleucine biosynthesis, Cysteine and | map00280,
methionine metabolism, Valine, leucine and isoleucine | map00770,
degradation, Pantothenate and CoA biosynthesis, | map00966,

25 ec:2.6.1.42 - transaminase Glucosinolate biosynthesis, Biosynthesis of antibiotics map01130 2,3,1,3,1,13

26 ec:2.6.1.62 - transaminase Biotin metabolism map00780 3

Pyrimidine metabolism, Drug metabolism - other | map00240,

27 ec:2.7.1.21 - kinase enzymes map00983 2,5
map00260,
map00270,

Glycine, serine and threonine metabolism, Cysteine and | map00300,
methionine metabolism, Lysine biosynthesis, | map01130,

28 ec:2.7.2.4 - kinase Biosynthesis of antibiotics, Monobactam biosynthesis map00261 1,3,1,13,1

29 ec:2.7.6.5 - diphosphokinase Purine metabolism map00230 10

30 ec:3.1.1.1 - ali-esterase Drug metabolism - other enzymes map00983 5

31 ec:3.1.1.5 - lecithinase B Glycerophospholipid metabolism map00564 2
map00140,

32 ec:3.1.6.1 - sulfatase Steroid hormone biosynthesis, Sphingolipid metabolism | map00600 1,1

33 ec:3.1.6.14 - chondroitinsulfatase Glycosaminoglycan degradation map00531 2

34 ec:3.2.1.106 - glucosidase N-Glycan biosynthesis map00510 1

35 ec:3.2.1.2 - saccharogen amylase Starch and sucrose metabolism map00500 2
map00604,

Glycosphingolipid biosynthesis - ganglio series, Amino | map00520,
sugar and nucleotide sugar metabolism, Other glycan | map00511,
degradation, Glycosphingolipid biosynthesis - globo and | map00603,
isoglobo  series, Glycosaminoglycan degradation, | map00531,

36 ec:3.2.1.52 - hexosaminidase Various types of N-glycan biosynthesis map00513 1,1,1,1,2,1

ec:3.4.16.4 - D-Ala-D-Ala

37 carboxypeptidase Peptidoglycan biosynthesis map00550 1

Alanine, aspartate and glutamate metabolism, D- | map00250,
Glutamine and D-glutamate metabolism, Arginine | map00471,

38 ec:3.5.1.2 - glutaminase [ biosynthesis map00220 1,1,4
map00380,
map00360,

Tryptophan metabolism, Phenylalanine metabolism, | map00330,
Arginine and proline metabolism, Styrene degradation, | map00643,

39 ec:3.5.1.4 - acylamidase Aminobenzoate degradation map00627 1,1,2,1,1

map00791,
Atrazine degradation, Purine metabolism, Arginine | map00230,
40 ec:3.5.1.5 - ec:3.5.1.5 urease biosynthesis map00220 1,10,4
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41 ec:3.5.4.3 - deaminase Purine metabolism map00230 10
42 ec:3.6.1.11 - metaphosphatase Purine metabolism map00230 10
map00230,
43 ec:3.6.1.15 - phosphatase Purine metabolism, Thiamine metabolism map00730 10, 1
44 ec:3.6.1.3 - adenylpyrophosphatase Purine metabolism map00230 10
map00720,
Carbon fixation pathways in prokaryotes, Carbon | map00710,
fixation in photosynthetic organisms, Pyruvate | map00620,
45 ec:4.1.1.31 - carboxylase metabolism, Methane metabolism map00680 4,1,4,2
map00620,
map00020,
Pyruvate metabolism, Citrate cycle (TCA cycle), | map00010,
46 ec:4.1.1.32 - carboxykinase (GTP) Glycolysis / Gluconeogenesis, Biosynthesis of antibiotics | map01130 4,2,2,13
47 ec:4.1.3.1 - lyase Glyoxylate and dicarboxylate metabolism map00630 2
48 ec:4.1.3.30 - lyase Propanoate metabolism map00640 3
49 ec:4.1.99.22 - 3' 8-cyclase Folate biosynthesis map00790 1
map00290,
Valine, leucine and isoleucine biosynthesis, Pantothenate | map00770,
50 ec:4.2.1.9 - dehydratase and CoA biosynthesis, Biosynthesis of antibiotics map01130 2,3,13
Pentose and glucuronate interconversions, Fructose and | map00040,
51 ec:5.3.1.5 - isomerase mannose metabolism map00051 1,1
52 ec:6.1.1.14 - ligase Aminoacyl-tRNA biosynthesis map00970 1
map00720,
map00640,
map00620,
Carbon fixation pathways in prokaryotes, Propanoate | map00680,
metabolism, Pyruvate metabolism, Methane metabolism, | map00010,
Glycolysis /  Gluconeogenesis, Biosynthesis of | map01130, 4,3,4,2,2,13,
53 ec:6.2.1.1 - ligase antibiotics, Glyoxylate and dicarboxylate metabolism map00630 2
54 ec:6.3.3.3 - synthase Biotin metabolism map00780 3
map00230,
55 ec:6.3.5.3 - synthase Purine metabolism, Biosynthesis of antibiotics map01130 10, 13
map00061,
map00720,
Fatty acid biosynthesis, Carbon fixation pathways in | map00254,
prokaryotes,  Aflatoxin  biosynthesis, Propanoate | map00640,
metabolism, Pyruvate metabolism, Biosynthesis of | map00620,
56 ec:6.4.1.2 - carboxylase antibiotics map01130 4,4,1,3,4,13
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Figure S7. 1. Manhattan plots for the twelve biochemical traits based on the MLM model.
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Data Distribution Pie Chart [result (1)]

B2G Annotated: (217 [ 8%) —%:h .

With Blast Hits: (97 | 3%)

Blasted without Hits: (2,465 | 89%)

Figure S7. 2. Data distribution pie chart.
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General conclusion

Tea quality is an important trait that influences the pricing of tea at the auction. However, evaluating
tea quality is a major challenge facing the tea industry and tea breeding programmes. Miniature manufacture
of'tea is typically the first step prior to evaluating black tea quality in a breeding programme. Processing of
tea is complicated by variabilities such as genotype, post-harvest handling and environmental conditions,
that are challenging to control. Our results showed that it is possible to select high quality teas in a breeding
programme using only fresh leaf biochemical data; catechins, caffeine and theanine. Sensory evaluation
using professional tea tasters is traditionally used to determine the quality and pricing of made tea. However,
it is highly subjective. Therefore, analytical methods and sensory bionic techniques could be integrated in
routine tea quality determination commercially and in tea breeding programmes, because they are objective,
and the results positively correlate with those of professional tea tasters.

Conventional tea breeding using field selection and hybridization is the main method used to breed
tea. However, it has many weaknesses which marker assisted selection could help to overcome. The draft
genomes of Camellia sinensis var. sinensis and Camellia sinensis var. assamica have recently been
sequenced and published and could provide new insights to be explored, to further improve tea quality.
Additionally, the development of high-throughput DNA sequencing technologies such as SNP genotyping
and genotyping-by-sequencing (GBS), allows rapid genotyping of many genotypes at a lower cost.

We identified several markers and candidate genes associated with tea quality using GBS markers
and this provide valuable resources for future studies of tea quality thus creating opportunities for
accelerating molecular tea breeding. Our study provides the first application of GS using GBS for predicting
high quality teas in tea breeding programmes. A GS framework that could be implemented in tea has been
proposed. While model choice and a suitable genotyping approach are key factors for implementing GS,
the genetic architecture of the trait, heritability, marker density, LD between the QTL and the markers, size

of the training population and the relationship between the training and validation populations also play a
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significant role in making decisions. We hope that implementing GS in breeding for high quality tea

varieties will result in higher prediction accuracy and rapid gains from selection.
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Recommendations for future study

Our results demonstrated that biochemical compounds can be used to select high quality teas. This
will improve the accuracy and hence reduce the subjectivity associated with organoleptic evaluation.
Analysis of the major catechins revealed that EGCG and EGC correlated with taste, while ECG correlated
with mouthfeel, and could consequently be used to select high quality teas. Taste and mouthfeel are
important sensory traits that professional tasters use to grade tea at the auction. However, only eight
contrasting varieties were used in this study. Therefore, we recommend validation of these results using
many different genetically diverse genotypes. This will inform the future of tea quality evaluation.

We identified several markers and potential candidate genes associated with tea quality. However,
these results should be taken with caution because our ability is limited by the resolution of the GBS markers
and the current draft tea genome assembly. Our study used GBS to provide the markers for GS and GWAS
analyses at a reasonable cost. However, the use of proper missing marker imputation algorithms is necessary
to overcome the generally observed problem of missing marker data with GBS. Additionally, all the 2779
markers used in this study should be validated and the identified significant SNPs should be fine mapped
further to assess their potential involvement in tea quality.

This study was initiated before the release of the draft tea genomes. However, as the assemblies of
the two draft genomes are not ordered along the chromosomes, they provide little benefit over de novo SNP
marker discovery used in this study. Additionally, the two draft genomes have many sequence-repeat
regions and scaffolds, making it difficult to identify candidate genes of interest by location. Therefore,

further re-sequencing is necessary to improve the genome assembly and content of the current tea genomes.
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