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Abstract

Tea (Camellia sinensis) contain polyphenols and caffeine which have been found to be of popular
interest in tea quality. Tea production relies on well distributed rainfall which influence tea quality.
Phenotypic data for two segregating tea populations TRFK St 504 and TRFK St 524, were
collected and used to identify the quantitative trait loci (QTL) influencing tea biochemical and
drought stress traits based on a consensus genetic map constructed using the DArTseq platform.
The populations comprised 261 F1 clonal progeny. The map consisted of 15 linkage groups which
corresponds to chromosome haploid number of tea plant (2n = 2x = 30) and spanned 1260.1 cM
with a mean interval of 1.1 cM between markers. A total of 16 phenotypic traits were assessed in
the two populations. Both interval and multiple QTL mapping revealed a total of 47 putative QTL
in the 15 LGs associated with tea quality and percent relative water content at a significant genome-
wide threshold of 5%. In total, six caffeine QTL, 25 catechins QTL, three theaflavins QTL, nine
QTL for tea taster score and three QTL for percent relative water contents were detected. Out of
these 47 QTL, 19 QTL were identified for ten traits in three main regions on LGO01, LG02, LG04,
LG12, LG13 and LG14. The QTL associated with caffeine, individual catechins, and theaflavins
were clustered mostly in LG02 and LGO04 but in different regions on the map. The explained
variance by each QTL in the population ranged from 5.5 to 56.6%, with an average of 9.9%.
Identification of QTL that are tightly linked to markers associated with black tea quality coupled
with UPLC assay may greatly accelerate development of novel tea cultivars owing to its
amenability at seedling stage. In addition, validated molecular markers will contribute greatly to
adoption of marker-assisted selection (MAS) for drought tolerance and tea quality improvement.
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Abbreviations

DAIT- Diversity Arrays Technology

MAS- Marker-assisted selection

QTL- Quantitative trait loci

LOD- Logarithm of odds

LGs- Linkage groups

UPLC- Ultra-performance liquid chromatography
CAFF- Caffeine

CAT- (+)-catechin

EC- (-)-epicatechin

ECG- (-)-epicatechin gallate



EGC- (-)-epigallocatechin

EGCG- (-)-epigallocatechin gallate
TF1- Simple theaflavin

TF2- Theaflavin -3-monogallate
TF3- Theaflavin-3’-monogallate
TF4- Theaflavin-3, 3’-digallate
CL- Liquor colour

BRT- Liquor brightness

AST- Astringency

BRK- Liquor briskness

AR- Liquor aroma

RWC- Relative water content

St- Stock

TRFK- Tea Research Foundation of Kenya

Introduction

Tea plant (Camellia sinensis (L.) O. Kuntze) is the second most popular non-alcoholic beverage
consumed in the world after water. The main cultivated taxa comprise of three natural hybrids,
viz., C. sinensis (L.) O. Kuntze (“China” type), C. assamica ssp. Assamica (Masters) Wight
(“Assam” jat) and the “Cambod” variety, C. assamica ssp. lasiocalyx (Planchon ex Watt) Wight
(Banerjee, 1992). The China type has small semi-erect leaves and the Assam type has relatively
large, horizontal leaves. The Cambod type is currently considered as a hybrid of C. sinensis var.
sinensis type and C. sinensis var. assamica type (Meegahakumbura et al., 2016; Wambulwa et al.,
2016). Tea is cultivated widely in many Asian and African countries, and it contributes
significantly to the local economy. In Kenya, tea is the single largest agribusiness and contributes
over 26% of all foreign exchange earnings and over 4% of the gross domestic product (Kenya
National Bureau of Statistics, 2012; AFFA, 2013).

Tea being a popular beverage, has attracted the attention of both the consumers and the scientific
community because of its multiple health-promoting effects (Preedy, 2012). Tea is known to
contain a bioactive compounds, such as the flavonoids, caffeine, L-theanine and y-aminobutyric
acid (GABA) (Lin et al., 2012; da Silva Pinto, 2013; Ma et al., 2014). Catechins, a group of
flavonoids, are major constituents in tea and contribute up to 30% of the dry weight of the tender
tea shoots (Pang et al., 2013; Ma et al., 2014). In green tea leaves, catechins consist mainly of five
flavan-3-ols; (+)-catechin (CAT), (-)-epicatechin (EC), (-)-epicatechin gallate (ECG), (-)-
epigallocatechin (EGC) and (-)-epigallocatechin gallate (EGCG) (Ananingsih et al., 2013; Ma et
al., 2014). The most abundant catechin is the EGCG which accounts for up to 50-80% of the total
catechins (Sang et al., 2011). Theaflavins and thearubigins are the major polyphenols found in
black tea formed by the enzymatic oxidation and polymerization of catechins during the so-called
“fermentation stage” (Owuor et al., 2006b). The major individual theaflavins in black tea include,
simple theaflavin (TF), theaflavin -3-monogallate (TF-3-g), theaflavin-3’-monogallate (TF-3'-g)
and theaflavin-3, 3'-digallate (TFdg). Catechins in green tea and theaflavins in black tea have
demonstrated to have a wide variety of pharmacological activities, which include; antioxidant,
anti-inflammatory, anticancer, antidiabetic and neuroprotective effects (Preedy, 2012).



Tea leaves also contain 2-5% of caffeine and much smaller amounts of theobromine and
theophylline (Khan and Mukhtar, 2007). Caffeine is not only known for its stimulatory effect
(Sharangi, 2009), but contributes to tea briskness and other taste characteristics, which is
considered important parameter for the evaluation of tea quality (Obanda et al., 1997; Nitin
Seetohul et al., 2006). Caffeine has also been reported to suppress body weight gain by suppressing
food intake and reducing adipose tissue (Kobayashi-Hattori et al., 2005). These health benefits
associated with tea intake have led to high consumption of tea products as tea extracts in
pharmaceutical, food and beverage and cosmetic industries. In addition, to these health benefits,
tea quality is a complex phenomenon and depends mainly on the biochemical components that
determine colour, aroma and taste, attached to the tea infusions. As such, tea prices vary greatly
depending on the tea quality, which has traditionally been assessed by tea tasters by organoleptic
evaluation, to describe various quality attributes of a tea infusion. Furthermore, Kenya tea industry
has lately been facing challenges of ever increasing temperatures, prolonged drought periods and
changing precipitation patterns especially in the tea growing areas (FAO, 2015).Therefore, this
calls for concerted efforts in tea breeding programs to develop tea cultivars with improved
biochemical content and drought tolerance.

In a previous study on a method for Short-time Withering Assessment of Probability for Drought
Tolerance (SWAPDT) in Camellia sinensis validated by targeted metabolomics (Nyarukowa et
al., 2016), was developed for predicting the drought tolerance of tea cultivars. The metabolite
profiles obtained using the SWAPDT method showed that drought tolerant tea cultivars differed
from drought susceptible tea cultivars. The SWAPDT method relied on the percent relative water
content (%RWC) of tea leaves after the five-hour withering method. Therefore, the SWAPDT
method which was used in the current study provides a basis for selection of new drought tolerant
tea cultivars that may lead to improvement of crop productivity, amidst challenges imposed by
drought due to climate change.

The tea plant is a woody long-lived perennial tree characterized by a large diploid genome of
approximately 3Gb and chromosome number (2n= 2x= 30) that is self-incompatible, highly
heterozygous and has a long juvenile period of 4-5 years and about 22-25 years to breed a new
cultivar (Chen et al., 2007; Shi et al., 2011). Presently, Camellia genus is believed to comprise
more than 300 species with Camellia sinensis (L.) O. Kuntze as the most important agronomic
species (Mondal et al., 2004). The recent discovery of C. cherryana in 2012 (Orel and Wilson,
2012) indicates the instability and high out-crossing character or property of the genus. These
attributes have led to slow progress in tea breeding; however, tremendous progress has been made
regarding the availability of good genetic resources for tea breeding. Recently, Bali et al. (2015)
constructed a genetic linkage map using the two-way pseudo-testcross approach for mapping
drought-tolerant trait of Indian tea cultivars. Construction of a genetic linkage map for tea using
pseudo-testcross approach has been used previously (Wachira et al., 1995; Hackett et al., 2000;
Kamunya et al., 2010; Taniguchi et al., 2012; Hu et al., 2013; Ma et al., 2014) due to high out-
crossing and heterozygous nature of the tea. In spite of all these advances, these genetic linkage
maps are mainly based on dominant markers such as random amplified polymorphic DNA (RAPD)
or amplified fragment length polymorphism (AFLP) (Wachira et al., 1995; Hackett et al., 2000;
Tanaka, 2000; Kamunya et al., 2009; Kamunya et al., 2010) and co-dominant markers such as
simple sequence repeats (SSRs) (Hu et al., 2013; Ma et al., 2014; Tan et al., 2016). Also, the
mapping populations used in these previous studies are relatively small (52 to 92 F1 progenies),
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and a number of gaps that are in between the markers in some of the linkage groups, may decrease
the accuracy of detected QTL. Thus, these marker technologies have not fully provided a widely
applicable tool that can be used to link genotypes to phenotypes. However, SNP discovery and
genotyping based on specific-locus amplified fragment sequencing (SLAF-seq) generated a
saturated genetic linkage map length of 3,965 cM, with an average inter-locus distance of 1.0 cM
(Maet al., 2015).

Diversity Arrays Technology (DArT) which involves the isolation and cloning of a random set of
DNA fragments from complexity-reduced DNA sample has experienced increased interest in the
recent years (Gupta et al., 2013). DArT has provided a standardized high-throughput genotyping,
whereby thousands of markers can be readily assayed in parallel in thousands of samples without
prior sequence information (Jaccoud et al., 2001; Wittenberg et al., 2005). The DArT array
technology has demonstrated excellent performance for phylogenetic and diversity analyses
(Steane et al., 2011), genomic selection (Poland et al., 2012) and genetic linkage mapping
(Schouten et al., 2012). DArT platform has been applied successfully to construct more dense
genetic linkage maps in plants with more complex genomes such as apple (Schouten et al., 2012),
strawberry (Sanchez-Sevilla et al., 2015), sugarcane (Racedo et al., 2016), wheat (Zou et al.,
2016), citrus (Liu et al., 2016) and trees such as Eucalyptus (Sansaloni et al., 2010; Steane et al.,
2011). Therefore, a genetic linkage map based on DArTseq platform could provide a vital tool for
relating phenotype to genotype, hence facilitating identification and selection of recombinant
parents with desirable attributes. The genetic linkage map will also increase the speed and
precision of tea breeding and improvement programmes. The present study constructed a high-
density linkage map for tea plant by integrating DArTseq platform and ultra performance liquid
chromatography (UPLC) technique for QTL linked to catechins, theaflavins, caffeine content, tea
taster scores and percent relative water content for future MAS breeding.

Materials and Methods

Plant Material

Two pseudo-testcross populations consisting of 109 progeny from TRFK St. 504 (TRFK 303/577
x GW Ejulu) and reciprocal cross consisting of 152 progeny coded TRFK St. 524 (GW Ejulu x
TRFK 303/577), were developed by crossing two heterozygous parental clones TRFK 303/577
and GW Ejulu. The two parental clones, TRFK 303/577 and GW Ejulu, are of Assamica and China
varieties, respectively. The two clones were chosen on the basis of their contrasting attributes. GW
Ejulu is a low yielding, high black tea quality and moderate levels of caffeine, but high in total
catechins and individual catechins contents. Clone TRFK 303/577, which is an open-pollinated
progeny of clone TRFK 6/8, is high yielding, drought tolerant, medium in black tea quality,
caffeine and individual catechins.

Description of study site

The cross comprising all above clonal progenies and their parents were established in 2007 at Tea
Research Institute (TRI), in Timbilil Estate (Kenya, Kericho county, latitude 0° 22°S, longitude
35°21’E, altitude 2180 m AMSL). The trial populations are set up in a complete randomized block
design with three replications in plots of 15 plants spaced at 0.61 m within rows and 1.22 m
between rows. The populations had been receiving 150 Kg N per hectare per year in the form of
NPKS 25:5:5:5 compound fertilizer. The trial populations were brought into bearing following the
recommended management practices (Anon, 2002; Kamunya et al., 2010).
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Sample collection and processing

About 1 Kg of fresh shoots in the form of two leaves and a bud was plucked from heterozygous
parents and three independent F1 progeny in a complete randomized block design between
September 2013 and February 2014. The fresh-plucked shoots were placed in appropriately
labelled sampling bags for processing at the TRI miniature factory. Five hundred grams of fresh
green tea leaves were used to produce green tea by immediately drying using a microwave for 5
minutes, which also deactivated the oxidizing enzyme polyphenol oxidase. The remaining 500 g
was used to manufacture black tea using a standard black tea manufacturing procedure by
physically withering the tea leaves up to a moisture content of 50-65% for 18 hours. The leaf was
passed through the CTC rollers four times to achieve maceration equivalent to that obtained using
commercial CTC rollers in black tea manufacture (Owuor and Othieno, 1991). Upon maceration,
the tea (dhool) was then aerated for 90 minutes at ambient temperature (22-26 °C) and 100%
relative humidity to achieve enzymatic oxidation or so-called “fermentation”. A bench top fluid-
bed drier system (TeaCraft Ltd) was utilized in firing the tea, initially at 120 °C for 20-25 minutes
then brought to 100 °C for 10 minutes. Green and black tea samples were grounded separately
using a coffee grinder and stored in sealed silver lined aluminium sachets for UPLC analysis and
organoleptic assessment for processed black tea.

Extraction of catechins, caffeine and theaflavins

International Organization for Standardization (ISO) extraction method was used as is described
in the 1SO14502-2, 2005. Briefly, 0.200 + 0.001 g of green and black tea samples were weighed
out on a Mettler Toledo analytical balance (Microsep, South Africa) and transferred into a 20 ml
glass test tube. A five ml volume of 70:30 methanol (Merck, South Africa): water (v/v) at 70 °C
was added to each extraction tube, stoppered and vortex mixed for approximately five seconds
before placing into a water bath set at 70 °C. The extraction mixture was vortex mixed after five
minutes and after ten minutes. The extracts were cooled and centrifuged at 2000 x g using Thermo
Scientific Heraeus Labofuge (Sepsci, South Africa) 300 centrifuge for ten minutes, with the
resultant supernatant decanted into a ten ml volumetric flask. The extraction step was repeated
twice. Both extracts were pooled, and the volume adjusted to ten ml with cold 70:30 methanol:
water (v/v). One ml volume of the extracts was then diluted to five mL with stabilizing solution
(10 % v/v acetonitrile, 500 mg/mL EDTA and 10 mg/ml ascorbic acid, Sigma-Aldrich, South
Africa). The dilution was filtered through 0.2 um Minisart®RC4 syringe filters (Sartorius, South
Africa) with hydrophilic, solvent-resistant regenerated cellulose membranes and ready for UPLC
analysis.

UPLC analysis of catechins, caffeine and theaflavins

The UPLC analysis was performed on Waters ACQUITY UPLC H-Class system (Waters, Milford,
MA, USA) equipped with a binary solvent delivery pump, an autosampler and a photodiode array
detector (PDA) and controlled by the Empower-3 software. Separation was achieved on Waters
Acquity HSS T3 column (1.8 um, 2.1 x 150 mm). The mobile phase was composed of solvent
A(2% acetic acid and 9% acetonitrile in water, pH 2.8) and solvent B (2% acetic acid and 80% of
acetonitrile in water) with gradient elution: 0 min (5% A), 0-21 min (5-20% A), 21-30 min (20-
25% A), 30-32 min (25-100% A), 32-39 min (100-100% A), 39-40 min (100-5% A), and 40-45
min (5-5% A) was used in this study. The mobile phase was filtered through a 0.2 um cellulose
acetate membrane filter and degassed using a Neuberger Laboport (Labotech, South Africa)
vacuum pump. The sample injection volume was five uL, and the flow-rate was set at 0.2 mL/min.
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The standards consisted of catechins (CAT, EC, ECG, EGC and EGCG), caffeine and gallic acid
(Sigma-Aldrich, South Africa). Tryptamine, sulfanilamide and mycophenolic acid (Sigma-
Aldrich, South Africa) were used as internal standards for quality control. Three mixed standards;
mixture A (catechins, caffeine, gallic acid and three internal standards), mixture B and mixture C
which both had all the standards except the three internal standards were used. The identification
and quantification of individual catechins, caffeine and individual theaflavins were performed at
278 nm. The individual catechins and caffeine peaks in the tea samples were identified based on
retention times of the individual catechins and caffeine standards. The individual theaflavins in
black tea samples were quantified as EGCG equivalents, based on the response factor of EGCG.

Determination of plain black tea quality parameters

Tea taster scores

The tea taster’s score on black teas was performed on the 261 progenies and their parents. A sample
of black tea (2.5 g) was extracted with 150 ml of boiling water for about 5 minutes. The tea sample
was then subjected to organoleptic evaluation made by professional tea tasters (WM Cahn,
Johannesburg, South Africa) with scores based on liquor colour (CL), liquor brightness (BRT),
astringency (AST), liquor briskness (BRK) and liquor aroma (AR). The scores were in the range
of 1-5 with the low score representing poor quality and a high score representing high quality.
Black teas that are known to be of high quality were used as a control to determine the quality of
progenies regarding liquor characteristics and taste.

Determination of percent relative water content.

The % RWC in the tea two populations was determined using the SWAPDT method as described
by Nyarukowa et al. (2016). Three shoots with two leaves and a bud collected from heterozygous
parents and three independent F1 progeny in a complete randomized block design were immersed
in water at room temperature and weighed after 24 hours. The leaves were then oven dried at 37
°C and weighed after five hours. The leaves were again placed in water and weighed after 24 hours,
and then oven dried at 105 °C for 24 hours to obtain each leaf’s dry weight.

The % RWC was calculated using the formula:
% RWC = [(Fwt - Dwt)/(Fth — Dyt )] x100

where Fut is the fresh weight, Dwt is the dry weight after 24 h in 105 °C oven, and FTw is the
weight after 24 h rehydration.

Extraction, purification and quantification of DNA

Two tender young leaves and a terminal bud were plucked from a tea bush planted in a complete
randomized block design experiments as a representative sample and preserved in zip-lock plastic
bags containing dry silica gel (Malebe, 2011). The silica gel was dried in the oven at 70°C for 48
hours to enable it absorb any surface moisture from the preserved leaves. The green tea leaf
samples were stored at -20 °C before DNA extraction using a modified method of (Gawal and
Jarret, 1991). The NanoDrop spectrophotometer (NanoDropTechnologies, South Africa) which
gives the concentration of DNA in ng/pl was used to quantify the DNA. The integrity of DNA was
also checked using the agarose gel electrophoresis method (Adkins et al., 2007).



DArTseq assay

The DNA samples were shipped to Diversity Array Technology Pty Ltd (Canberra, Australia) for
DArTseq analysis. DNA quality and digestibility were tested using restriction enzyme Pstl
(Fermentas, Burlington, Canada) and EcoRI (Promega, Madison, USA). The DArTseq procedure
was carried out as described by (Sansaloni et al., 2010) using Pstl and Msel restriction enzymes.
Markers were scored 0 or 1 for absence or presence of a polymorphism in the genomic
representation of the sample.

Linkage map construction

Six thousand five hundred and eighty eight DArTseq markers derived from C. sinensis sequences
were tested for segregation using genomic DNA from the two parents and 261 F1 individuals. The
obtained genotyping data was subjected to linkage analyses using JoinMap 4.0 (Van Ooijen, 2006).
Markers were grouped at a logarithm of odds (LOD) of (3-12) and a recombination frequency of
0.4. The genetic distances between markers were calculated with the Kosambi mapping function.
The LOD thresholds at the genome-wide level were determined by running 1,000 permutations
(P<0.05).

Phenotypic trait analysis

A total of 16 phenotypic traits were assessed for a normal distribution using the JMP 12 (Sall et
al., 2012). The mean and the standard deviation for each phenotypic trait in each parent and the
progenies were calculated. The significance difference between parental values and progenies was
analyzed using Student’s t-test.

QTL analyses

The QTL mapping was carried out using the MapQTL 6.0 software (Van Ooijen, 2006). The first
set of markers were selected as cofactors from IM results, and the significant markers were selected
using backwards elimination method. The significant markers at P<0.05 were only used as
cofactors in the multiple MQM method to refine QTL detection. The permutation analysis (1,000
permutations) for significance thresholds was used for accepting the presence of a potential QTL
(Churchill and Doerge, 1994). The maximum LOD score on a linkage group was used to estimate
the positions of QTL. The location and position of the QTL for individual phenotypic traits was
indicated using MapChart software (Voorrips, 2002).

Results

Phenotypic trait analysis

A wide range of variation in individual catechins, theaflavins and caffeine contents was observed
in the two parents and F1 progeny. A chromatogram representing the profiles of black tea and green
tea from the two parent lines is presented in Supplementary Fig. 1 and Supplementary Fig. 2,
respectively. Besides the five peaks identified, there were other several peaks that were detected
but unidentified. This is an indication that there are other several biochemical compounds present
in the tea extracts. The mean, standard deviation and coefficient of variation for individual
catechins and caffeine content quantified in F1 progeny and in both parents are shown in Table 1
and Table 2. Tea liqour characteristics such as colour, brightness, briskness as well as astringency
and aroma were also analyzed in black tea samples.



Table 1. Phenotypic variation of caffeine and individual catechins content in parental lines (TRFK 303/577 and GW
Ejulu) and 109 F; progeny St 504

Trait (Yow/w) TRFK 303/577 GW Ejulu F1 F1 Range F1 CV (%)
Mean+SD Mean+SD Mean+SD

Caffeine 2.12+0.11 2.69+0.13 2.25+0.27 1.57-3.02 11.9
CAT 0.44+0.11 1.51+0.17 0.62+0.32 0.17-1.64 53.1
EC 1.22+0.21 0.90+0.07 1.19+0.41 0.51-2.63 34.4
ECG 2.33+0.10 5.21+0.03 3.31+0.83 1.54-6.58 25.6
EGC 3.72+0.72 1.02+0.40 3.25+1.07 0.60-5.79 33.7
EGCG 7.15+0.65 6.50+0.40 6.03+1.13 1.78-12.33 18.9

Table 2. Phenotypic variation of caffeine and individual catechins content in parental lines (GW Ejulu and TRFK
303/577) and 152 F1 progeny St 524

Trait (%w/w) GW Ejulu TRFK 303/577 F1 F1Range F1CV (%)
Mean+SD Mean+SD Mean+SD

Caffeine 2.69+0.13 2.12+0.11 2.38+0.30 1.53-3.69 12.8

EC 0.90+0.07 1.22+0.21 1.57+0.51 0.66-3.40 32.6

ECG 5.21+0.03 2.33+0.10 2.82+0.66 1.06-5.24 24.2

EGC 1.02+0.40 3.72+0.72 3.34+1.05 0.60-7.61 32.3

EGCG 6.50+0.40 7.15+0.65 6.14+1.24 1.78-12.33 20.4

The frequency distributions of phenotype datasets are shown in Fig. 3. The values of the two
parents are indicated in the graphs. The levels of the individual catechins analyzed in green teas
ranged from 0.1 to 12.3%, with low content of CAT and EC as compared EGCG and EGC, which
were the abundant catechins. Caffeine content ranged from 1.5 to 3.7%, while the levels of
individual theaflavins in processed black teas ranged from 0.2 to 1.3% with TF3 being the most
abundant theaflavin (Fig. 3). A variation in the levels of individual theaflavins content was
observed in parental lines and progenies. Parental clone TRFK 303/577 had high levels of all four
theaflavins as compared to parental clone GW Ejulu in both tea populations. A number of traits
namely caffeine, EGC, TF1, TF2, TF3 and TF4 score as measured in the two populations (St 504
and St 524) had their F; means falling in between the two parental means for respective traits (Fig.
3). However, the F1 means for EC, ECG, EGCG and tea taster scores were marginally lower than
the parental means. There were variations in tea taster scores in the parental clones and Fi:
progenies. Most of the black tea samples had an average tea quality regarding tea taster’s score
except for aroma, which scored poorly. This poor aroma score might have been due to the time
difference (12 months) between the black tea processing and the tea taster scoring. Tea ligour
colour (CL) scored highly than the other tea taster score traits in parental clone GW Ejulu as
compared to parental clone TRFK 303/577. There was also variations the percentage relative water
content in F1 progenies and parental clones in the two tea populations (Fig. 3). The % rwc ranged
from 49 to 99% which show that there were tea plants that were either tolerant or susceptible to
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drought. Parental clone GW Ejulu which is drought susceptible tea cultivar had low % rwc of
55.1% while parental clone TRFK 303/577 which is drought tolerant cultivar had high % rwc of
74.1%. In overall, a large number of phenotypic traits for the progeny fell outside to those of the
parents indicating transgressive segregation, hence polygenic inheritance of the traits in question
(Fig. 3). Further, the observed normal distribution for the phenotypic traits shows involvement of
several genes in the genetic control of phenotypic traits.

Correlation analysis

Pearson’s correlation coefficients between different observations of each trait in the two tea
population are shown in Table 3 and Table 4. The correlations among the phenotypic traits were
grouped into: catechins (CAT, EC, ECG, EGC and EGCG), caffeine, theaflavins (TF1, TF2, TF3,
and TF4), and tea taster’s scores (CL, BRT, AST, BRK and AR) and % RWC. In general, the
significant correlation coefficients mostly observed in St 504 were between EC and EGC (r=0.62,
P<0.01), TF1 and TF2 (r=0.89, P<0.001), TF1 and TF4 (r=0.90, P<0.001), TF2 and TF4 (r=0.89,
P<0.001). For tea taster’s score, a high correlation was observed between individual AST and BRK
(r=0.96, P<0.001), and it ranged from r=0.62-0.96. There were also significant correlations
between AR with CL (r=0.39-0.42, P<0.05), BRT (r=0.54-0.57, P<0.01), AST (r= 0.47-0.51,
P<0.01) and BRT (r=0.56-0.58, P<0.01) (Table 3 and 4). The correlation coefficient for some of
the phenotypic traits in St 524, had a similar trend as in St 504 for the tea taster’s scores except for
catechins and theaflavins. The individual catechins correlated significantly with other individual
catechins and theaflavins. There was significant correlation between EGC and EGCG (r=0.51,
P<0.01), EC and EGC (r=0.73, P<0.01), TF1 and EGC (r=0.62, P<0.01), TF2 and EC (r=0.44,
P<0.05), TF1 and EGCG (r=0.42, P<0.05), TF2 and EGC (r=0.52, P<0.01), TF4 and EGC (r=0.54,
P<0.01) (Table 4). However, there was no correlation between % RWC with all biochemical
compounds and tea taster scores in the two tea populations (Table 3 and 4).

Genetic map construction

Regression-based integrated map (RG) resulted into 15 linkage groups (Fig. 2; Table 5). The
integrated genetic linkage map covered a total genetic distance of 1,260.1 cM, with an average
locus distance of 1.1 cM. The marker density was not always uniform among linkage groups. The
individual linkage groups ranged in size from 64.8 cM (LGO02) to 160.1 cM (LG09), and the
number of markers on each group varied from 50 for LGO1 to 219 for LG09 (Table 5). Linkage
group 9 had the highest marker density with an average locus distance of 1.4 cM, while the other
LGs had relatively lower marker density (0.5-1.7 cM/DArT). However, DArT markers for all the
phenotypic traits were absent on the LG03, LG05 and LG11. The constructed maps contained 15
linkage groups which corresponds to haploid chromosome number in Camellia spp. (n = 15)
indicating saturation of the genome.The clustering of markers was observed, and some linkage
groups were more densely saturated with markers as compared to others.
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Table 3. Correlation coefficients (r) between phenotypic traits in the mapping population St 504

CAFF  CAT EC ECG EGC EGCG TF1 TF2 TF3 TF4 CL BRT AST BRK AR RWC
CAFF 1
CAT -0.06 1
EC -0.07 -0.40 1
ECG 0.44* 0.22 0.26 1
EGC -0.13 -0.78** 0.62** -0.34 1
EGCG 0.39 -0.57** 0.08 0.12 0.41* 1
TF1 -0.24 -0.39 0.14 -0.33 0.42* 0.04 1
TF2 -0.04 -0.36 0.10 -0.09 0.26 0.12 0.89*** 1
TF3 0.03 -0.08 -0.30 -0.01 -0.13 0.11 0.64** 0.83*** 1
TF4 -0.20 -0.28 -0.03 -0.25 0.23 0.08 0.90*** 0.89*** 0.80*** 1
CL 0.32 -0.08 0.20 0.26 0.12 0.17 -0.03 0.09 -0.13 -0.10 1
BRT 0.24 -0.18 0.24 0.24 0.16 0.15 0.16 0.32 0.07 0.11 0.73** 1
AST 0.20 -0.09 0.21 0.24 0.11 0.18 0.15 0.26 0.08 0.16 0.66** 0.83*** 1
BRK 0.22 -0.12 0.23 0.25 0.12 0.16 0.19 0.31 0.13 0.21 0.62** 0.80** 0.96*** 1
AR 0.18 -0.17 0.12 0.19 0.17 0.15 0.18 0.20 0.01 0.15 0.42* 0.54** 0.51** 0.58** 1
RWC 0.12 0.19 0.16 -0.19 0.07 -0.03 0.06 0.06 0.02 0.06 -0.05 0.05 0.10 0.05 -0.06 1
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CAFF- Caffeine; CAT- Catechin; EC- Epicatechin; ECG- Epicatechin gallate; EGC- Epigallocatechin gallate; EGCG- Epigallocatechin gallate; TF1- Theaflavin; TF2- Theaflavin-3-gallate; TF3-

Theaflavin-3’-gallate; TF4- Theaflavin-3,3’-digallate; CL- Colour; BRT- Brightness; AST- Astringency; BRK- Briskness; AR- Aroma; RWC- percent relative water content
*Correlation significant at p< 0.05 level

**Correlation significant at p< 0.01 level
***Correlation significant at p< 0.001 level
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Table 4. Correlation coefficients (r) between phenotypic traits in the mapping population St 524

CAFF CAT EC ECG EGC EGCG TF1 TF2 TF3 TF4 CL BRT AST BRK AR RWC
CAFF 1
CAT 0.12 1
EC 0.07 -0.41* 1
ECG 0.39 0.10 0.38 1
EGC -0.05 -0.74**  0.73** -0.02 1
EGCG 0.34 -0.60**  0.19 0.33 0.51** 1
TF1 -0.01 -0.44* 0.51** -0.01 0.62** 0.33 1
TF2 0.13 -0.46* 0.44* 0.11 0.52** 0.42* 0.77** 1
TF3 0.12 -0.16 -0.14 -0.03 0.02 0.31 0.44* 0.72** 1
TF4 0.06 -0.51 0.34 -0.08 0.54** 0.42* 0.82**  0.91*>* 0.71*>* 1
CL 0.11 -0.22 0.20 0.26 0.23 0.31 0.24 0.29 0.05 020 1
BRT 0.09 -0.18 0.12 0.05 0.24 0.21 0.29 0.21 0.03 0.26  0.48* 1
AST 0.09 -0.17 0.16 0.11 0.22 0.24 0.21 0.12 -0.01 0.17  0.57* 0.59** 1
BRK 0.10 -0.17 0.14 0.10 0.21 0.22 0.19 0.17 0.01 0.25 0.47* 0.69** 0.76** 1
AR 0.17 -0.15 0.21 0.10 0.26 0.16 0.22 0.21 -0.03 0.21 0.39* 0.57**  0.47* 0.56** 1
RwWC  0.09 0.07 0.06 -0.05 0.06 -0.03 0.12 0.08 0.06 0.12 -0.05 0.00 0.09 0.02 -0.02 1
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CAFF- Caffeine; CAT- Catechin; EC- Epicatechin; ECG- Epicatechin gallate; EGC- Epigallocatechin gallate; EGCG- Epigallocatechin gallate; TF1- Theaflavin;

TF2- Theaflavin-3-gallate; TF3- Theaflavin-3’-gallate; TF4- Theaflavin-3,3’-digallate; CL- Colour; BRT- Brightness; AST- Astringency; BRK- Briskness; AR-
Aroma; RWC- percent relative water content

*Correlation significant at p< 0.05 level
**Correlation significant at p< 0.01 level
***Correlation significant at p< 0.001 leve
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Fig. 2. DArT-based genetic map of tea plant showing location of QTLs for caffeine, catechins, theaflavins content, liquor brightness and % rwc identified in the
two mapping population. Map distance scales in cM are placed at left margin. Significant QTL for caffeine, individual catechin and individual theaflavin content
and liquor brightness is represented by different bars. Bars and lines indicate 1-LOD and 2-LOD support intervals.

qCaffeine- Caffeine; qCAT- Catechin; gEC- Epicatechin; gECG- Epicatechin gallate; gEGC- Epigallocatechin gallate; gEGCG- Epigallocatechin gallate; qTF1-
Theaflavin; qTF2- Theaflavin-3-gallate; gCL- Colour; gBRT- Brightness; gAST- Astringency; qBRK- Briskness; gAR- Aroma; gRWC- percent relative water
content.
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Table 5. DArT markers distribution among the linkage groups

Linkage group ~ Number of markers Total length covered (cM) Average distance between markers (cM)
LG1 50 97.3 0.5
LG2 107 64.8 1.7
LG3 61 82.4 0.7
LG4 98 70.1 14
LGS 77 77.0 1.0
LG6 65 82.6 0.8
LG7 139 83.2 1.7
LG8 100 68.3 1.5
LG9 219 160.1 14
LG10 114 81.9 1.4
LG11 67 80.7 0.8
LG12 83 77.5 1.1
LG13 68 78.5 0.9
LG14 83 79.2 1.0
LG15 90 76.5 1.2
Total 1421 1260.1

Average 84 11

Phenotype segregation and QTL mapping

The analysis of 16 phenotypic traits revealed a total of 47 putative QTL in 15 LGs associated with
tea quality and % RWC by IM and MQM at a significance genome-wide threshold of 5% level of
confidence. Significant LOD scores ranged from 3.1 - 47.3 with an average of 6.5, while LOD
thresholds of the detected QTL were between 2.9 and 4.6 with an average of 3.2 (Table 6). The
interval lengths of the QTL ranged from 0.14 cM to 23.5 cM. QTL associated with individual
catechins, caffeine and individual theaflavins were mostly clustered in LG02 and LG04 but in
different regions on the map (Fig. 2). Most QTL for tea taster scores (CL, BRT, AST, BRK and
AR) were detected at a lower significance level of confidence of 90% as compared to traits for
biochemical molecules (Table 6). The QTL for each trait varied from a total of two (EC) to a total
of seven (caffeine) in number. A total of nineteen QTL were identified for ten traits and were
clustered in three main regions on LGO01, LG02, LG04, LG12, LG13 and LG14 (Table 6). The
variability explained by each QTL in the population was at average to high levels and ranged from
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Table 6. QTLs for caffeine, individual catechins and theaflavins content, tea taster’s scores and percent relative water content detected in St 504 and St 524 tea
plant population

Traits QTL LG Position (cM) LOD threshold LOD score PVE (%) Nearest Marker
Caffeine gCaffeine 2 50.905 (50.247-51.548) 3.3 34 6.0 5064585
4 68.574 (63.137-70.142) 3.2 3.8 6.7 5112599
7 48.071 (34.695-50.409) 3.2 3.7 6.6 5064391
8 18.762 (16.783-26.008) 3.3 3.9 6.7 5134558
13 29.748 (23.653-36.538) 3.1 4.7 8.1 5088162
14 5.465 (0.000-5.465) 33 3.7 6.4 5123053
CAT qCAT 2 0.000 (0.000-2.421) 3.2 3.7 6.4 5135436
4 30.322(29.886-30.322) 3.3 46.0 55.6 5063001
8 12.506 (12.506-12.882) 33 33 5.6 5130194
12 42.998 (36.019-54.085) 31 6.1 10.3 5123751
13 50.602 (48.559-58.674) 3.0 4.1 6.9 5111268
14 60.713 (47.731-61.117) 3.2 4.1 6.9 5132370
EC geC 2 2.242 (0.000-8.309) 3.3 4.1 7.0 5072338
15 25.381 (20.639-25.381) 3.3 4.5 7.6 5085963
ECG qECG 1 96.36 (96.36-97.284) 3.0 6.8 11.7 5128890
4 17.658 (13.976-37.226) 34 4.7 8.0 5087113
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6 56.948 (56.504-56.948) 3.1 4.0 6.7 5098382
10 20.631 (20.090-25.539) 3.3 4.8 8.0 5136108
12 50.441 (50.148-50.441) 2.9 14.9 23.1 5136790
13 50.602 (48.559-58.674) 3.1 3.7 6.4 5088162
15 75.067 (75.067-76.498) 3.3 4.2 7.2 5111164
EGC gEGC 1 87.059 (84.375-88.562) 3.0 3.3 5.8 5133866
2 7.719 (7.719-7.855) 3.2 3.2 55 5124128
4 27.194 (27.194-28.879) 3.3 47.3 56.6 5123475
6 66.351 (56.504-72.354) 3.1 4.2 7.2 5073424
12 42.998 (42.839-54.085) 3.0 14.9 8.6 5123751
13 50.602 (48.559-58.674) 3.1 3.7 6.4 5136623
14 60.713 (60.713-63.050) 3.1 4.0 6.9 5132791
EGCG qEGCG 4 37.226 (28.879-38.559) 3.4 15.6 24.1 5087017
12 48.179 (36.963-49.744) 3.0 4.2 7.2 5104630
15 32.140 (17.119-33.578) 3.3 3.8 6.5 5114089
TF1 qTF1 2 4.455 (4.455-5.391) 3.1 3.2 5.8 5084595
6 69.564 (69.564-75.112) 4.1 4.5 7.9 5136045
TF2 qTF2 2 4.455 (1.220-5.391) 3.1 4.0 7.0 5084595
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CL qCL 7 72.684 (72.677-72.684) 3.0 3.2 6.5 5132432

BRT gqBRT 14 71.046 (65.383-71.046) 3.4 3.3 6.8 5125626
AST gAST 1 96.577 (88.83-97.284) 3.0 4.5 9.1 5135087
9 87.614 (87.614) 3.2 3.2 6.6 5123950
BRK gBRK 1 96.577 (89.022-97.284) 3.0 3.6 7.3 5115441 E-26
9 87.614 (87.614) 3.6 3.6 7.4 5123950
13 61.582 (61.582) 3.0 31 6.3 5114985
AR gAR 4 68.574 (68.574) 3.0 3.1 6.4 5112599
10 28.656 (26.854-29.038) 3.2 35 7.0 5128967
% RWC qRWC 2 60.868 (56.912-60.868) 3.3 4.3 7.3 5136794
6 66.217 (66.052-66.217) 3.2 3.3 5.7 5082606
9 6.684 (6.167-6.684) 3.9 4.0 6.9 5130531
Average 3.2 6.5 9.9

CAT Catechin, EC epicatechin, ECG epicatechin gallate, EGC epigallocatechin, EGCG epigallocatechin gallate, TF1 theaflavin, TF2 theaflavin-3-gallate, CL
colour, BRT brightness, AST astringency, BRK briskiness, % RWC percent relative water content

LOD- logarithm of odds ratio

PVE- phenotypic variation explained

The genome-wide LOD significance thresholds (P<0.05) based on permutation testing (n=1,000)
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5.5 to 56.6%, with an average of 9.9%. The population variability explained (PVE) by all QTL for
all the traits ranged between 6.5 (CL) to 97% (EGC).

Seven QTL for caffeine levels were detected and accounted for 40.5% of the total population
explained variability (Table 6). Of these, one QTL, gCaffeine, was mapped on LG13 close to
marker 5088162, with and LOD score of 4.7 and phenotypic variation explained (PVE) of 8.1%
(Table 6). An additional five putative QTL were identified on LG02, LG04, LGO07, LGO08 and
LG14 (Table 6). The qCaffeine LOD score ranged from 3.2 to 4.7, and the population variability
explained ranged between 6.0% and 8.1%. Six QTL were detected for CAT content, accounted for
a total of 91.1% of the total population variability. The two major QTL, qCAT, were located on
LG04 and LG12 close to marker 5063001 and 5123751, respectively. The two QTL, had the largest
effect on CAT content, accounting for 55.6 and 10.3% of the population variability, respectively
(Table 6). The QTL were distributed across the six LGs, with a LOD score ranging from 3.7 to 46.
Two QTL, gEC, were identified for EC content, which accounted for a total of 14.6% of the
population variability (Table 6). The gEC was located on LGO02 close to marker 5072338 with
PVE of 7.0%, and on LG15 close to marker 5085963 with 7.6% of the population variability.
Seven QTL, qECG, were detected for ECG content, which collectively explained 71.1% of the
total population variability with LOD score range of 3.7 to 14.9 (Table 6). The QTL for ECG,
gECG, was located on LG12 close to marker 5136790, had the largest effect on ECG content and
accounted for of 23.1% of the population variability. A total of seven QTL were detected for EGC
content, which accounted for a total of 97% the population variability (Table 6). Of these, two
QTL, qeGC, were mapped on LG04 and LG12, respectively (Table 6). The gEGC on LG04 was
located close to marker 5123475 with PVE of 56.6%, while the gEGC on LG12 was located close
to marker 5123751 with PVE of 8.6% with LOD score of 47.3 and 14.9, respectively. An additional
five putative QTL were identified on LG1, LG02, LG06, LG13 and LG14 (Table 6). The LOD
score for the five loci varied from 3.2 to 4.2, and the PVE ranged between 5.5 and 7.2%. The QTL,
gEGCG, was identified for EGCG content on LG04, close to marker 5087017, contributing to
24.1% of the population variability (Table 6). In addition, two putative QTL was mapped on LG12
and LG15, and explained between 6.5 and 7.2% of the population variability (Table 6). The three
QTL detected for EGCG content accounted for a total of 37.8% the population variability (Table
6). Two QTL for theaflavin, gTF1, were identified and it accounted for a total of 13.7% of the
population variability (Table 6). The gTF1 was located on LG02 and LGO06 close to markers
5084595 and 5136045, respectively. The nucleotide sequences for these markers are presented in
supplementary Table 1. Only one QTL for qTF2 and another one for qBRT, were identified on
LGO02 and LG14, close to marker 5084595 and 5125626, contributing to 7.0 and 6.8% of the
population variability, respectively (Table 6).

The QTL for astringency, gAST, and briskness, gBRK were mapped on two linkage groups (LGO01
and LGO09). The population variability for the tea taster score varied with aroma, gAR (6.4%) and
briskness, qBRK (7.3%), respectively. Tea liqour colour and tea brightness, had one QTL each
while tea briskness, tea aroma had two QTL each and tea astringency had three QTL, respectively.
Three QTL were detected for % RWC, which accounted for a total of 19.9% of the population
variability (Table 6). The three stable QTL, gRWC, were mapped on LG02, LG06 and LGO09,
respectively. Three QTL were identified for percent rwc. The first QTL (QRWC) was located on
LGO02, the second QTL was located on chromosome LGO06, and the third QTL was located on

29



LG09. These QTL spanned 60.7 cM, 66.2 cM, and 6.7 cM and have peak LOD scores of 4.3, 3.3
and 4.0, respectively (Table 6).

Discussion

Construction of a genetic linkage map is an important prerequisite for the identification of QTL(S)
as well as mapping of agronomically important genes, which will be very useful for developing
improved cultivars. Green tea catechins, black tea theaflavins and caffeine are important
biochemical traits that determine tea quality given that tea price at the auction is based on tea
quality. The two principal gallated catechins present were EGCG and EGC which corroborate with
results reported by (Karori et al., 2014). The two gallated catechins (EGCG and EGC) have been
shown to contribute significantly to the formation of theaflavins. The B-ring in tri-hydroxylated
catechins is oxidized high rate than the B-ring in di-hydroxylated catechins, which include: CAT,
EC and EGC because of their lower oxidation ability (Owuor et al., 2006a). Therefore, tea cultivars
with high levels of EGCG and EGC can be developed through tea breeding programs to improve
black tea quality.

It was demonstrated previously that the ratio of di-hydroxyl flavan-3-ols to tri-hydroxyl flavan-3-
ols influenced black tea quality in that, high proportion of simple catechins (CAT, EC and ECG)
to gallocatechins (EGC and EGCGQG), lead to a higher proportion of theaflavin (Ellis and Nyirenda,
1995). The strong correlation of the di-gallate fractions in the present study is an important in
factor that can be utilized to enhance the quality of black tea. The changes in theaflavins and
residual catechin compositions in relation to sensory characteristics of total CL, BRT, and BRK
has also been reported in black tea (Obanda et al., 2001). Further, (Obanda et al., 2001), reported
that theaflavin digallate is the most astringent, estimated to be 6.4 times more astringent than
simple theaflavin, and 2.88 times more astringent than either theaflavin-3-monogallate or
theaflavin-3’-monogallate. The formation of a single theaflavin molecule requires a dihydroxy and
a trinydroxy flavan-3-ol (Wright et al., 2002), as follows:

Epicatechin (EC) + Epigallocatechin (EGC) = simple theaflavin (TF1);

Epicatechin (EC) + Epigallocatechin gallate (EGCg) = Theaflavin-3-gallate (TF2);

Epicatechin gallate (ECG) + Epigallocatechin (EGC) = Theaflavin-3’-gallate (TF3);

Epicatechin gallate (ECG) + Epigallocatechin gallate (EGCg) = Theaflavin-3, 3’-digallate (TF4)

The relationship between catechins and TFs content with the quality of black tea has been
investigated with reports showing a significant correlation between sensory parameters with
catechins and TFs content. Among all the sensory, parameters investigated such as colour,
brightness, astringency, briskness and aroma; the results in this present study indicate that neither
caffeine, individual catechins nor individual TFs content had any correlation with sensory
parameters. This could be due to loss in aromatic compounds between storage and the time of
organoleptic evaluation was done which led to flat tea (Sedaghathoor et al., 2013). Although, there
was a significant correlation between the individual sensory parameters (CL, BRT, AST, BRK and
AR). These results are similar to those reported by (Owuor et al., 2006b) that there was no
significant correlation between simple (non-gallated) theaflavin with sensory parameters except
for tea liquor brightness. The significant correlations shows that the phenotypic traits in are either
controlled by linked genes or genes that have pleiotropic effects on the traits. Hence, improving
one phenotypic trait may lead to improvement of other phenotypic traits.
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The map spanned a total length of 1260.1 cM with 1421 markers, which is close to tea genome
obtained by (Ota and Tanaka, 1999) (1,640 cM), (Hackett et al., 2000) (1,349.7 cM), and
(Taniguchi etal., 2012) (1,298 and 1,305 cM), (Maet al., 2014) (1,143.5 cM), but smaller in length
than those reported by (Huang et al., 2006) (2,457.7 and 2,545.3 cM), and (Hu et al., 2013)
(4,482.9 cM). The differences in the total map length can result from variation in the number of
recombination events in the two parents as well as variations in the numbers and locations of
mapped loci. There were 15 linkage groups found in this study, indicating saturation of the genome
(n= 15). However, there was gap greater than 20 cM between the adjacent markers on LG06 and
LG15. Even though the combination of Pstl (CTGCAG) and Msel (CCGG) restriction enzymes
performed best with 16,382 DArTseq achieved, there was still one gap of larger than 20 cM
between adjacent markers on LG06 and LG15. The presence of a large gap may be as a result of
genome regions corresponding to the gap regions of the genetic map or homozygous could be a
result of gaps in both mapping parents which leads no recombination events. Therefore, further
studies need to be carried out to fill in the gaps in the current genetic map. However, the mapped
markers in the current study were distributed in all 15 LGs with marker density ranging from 0.5
to 1.7 cM. The average interval between two markers was 1.1 cM, which is an improvement to
previous genetic maps which ranged from 1.9 to 19.0 cM with the latest by Ma et al., (2014)
spacing 2.9 cM. The marker density for genome-wide QTL mapping which is recommended
should be less than 10 cM (Doerge, 2002). The genetic map constructed in the present study is
thus suitable for identification of QTL.

In total, six caffeine QTL, 25 catechins QTL, three theaflavins QTL, nine QTL for tea taster score
and three QTL for percent rwc were detected, and the population variability explained by each
QTL varied from 5.5 to 56.6%, with an average of 9.9%. The high PVE exhibited by these QTL
suggests that caffeine, catechins, theaflavins content, tea taster scores and percent rwc may be
controlled by few critical genes. However, the small size of 261 mapping population used in this
study may lead to overestimation of QTL although the population size is slightly smaller than from
the previous study of 300 individuals by Ma et al. (2014). The individual catechins (ECG, EGC
and EGCG) were mostly detected in LG01, LG04, LG12 and LG13. In addition to QTL for
catechins, the present study incorporated QTL for caffeine, black tea theaflavins and tea taster’s
scores, which are major determinants of tea quality. The major QTL, qCAT, gEC, qEGC, qTF1
and qTF2, detected showed a tendency to co-localize and cluster on LG02 while QTL, qCAT,
gECG, qEGC and qEGCG clustered in LG12. The QTL were particularly prominent in the region
between 0.00 and 7.72 ¢cM of LG02 and 42.9 to 50.4 cM of LG12, where more than four QTL are
located, for each trait.

Linkage group one, apart from the QTL for individual catechins content, QTL for individual
theaflavins, qTF1 and qTF2 were also detected. These regions of the two chromosomes probably
contain genes that are multifunctional which are associated with production and accumulation of
catechins and theaflavins and deserve further investigation. More interestingly, QTL associated
with caffeine, qCaffeine, and liquor brightness, qBRT, were not clustered with and/or located
within the same region on the chromosome with the QTL for catechins and theaflavins in the
linkage groups. It is an indication that the genes associated with caffeine production and
accumulation as well as liquor brightness are located in different regions on the chromosome from
those of catechins and theaflavins. The few loci that were associated with tea catechins and
theaflavins will need to be confirmed for MAS. For example, markers 5123475 and 5084595 that
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were consistently associated with individual catechins (EC and EGC) and individual theaflavins
(TF1 and TF2), indicated their potential as candidate markers for MAS.

Conclusion

DArTseq markers are capable of detecting even very small polymorphisms, are cost-effective and
are efficient for whole-genome scans and population structure. The main objective of tea breeding
is to improve the quality and quantity of the product. The investigation of biochemical traits such
as caffeine, catechins and theaflavins content, which are related to tea quality, presents an
alternative approach in tea breeding. The SWAPDT method can also be used since it represents an
easy method to measure water deficit in drought stress plants. The use of DArTseq markers in the
present study will be useful for tea breeding and will provide valuable information for selecting
parents that would give rise to progenies with the desired genotype. Although in the present study,
linkage maps might be enhanced by further saturation, they constitute an additional tool that can
be used to locate QTL linked with some important agronomic traits. These will contribute to the
development of MAS for tea quality improvement, considering the favorable alleles of the markers
involved in the QTL for tea quality. The validated molecular markers will contribute greatly to
adoption of marker-assisted selection (MAS) for drought tolerance and tea quality improvement.
In addition, with recent availability of a complete genome sequence of the tea plant, this will allow
identification genes more precisely in relation to the QTL detected in this study.
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Supplementary Table 1. DArTseq marker 1D with the corresponding individual marker sequence

Marker ID Marker Sequence (5°-3”)

5063001 TGCAGCCTTATTAGTTTCACGTTACGTATGAAAAACTATGCAATTGTCGAATTTGTTTAGGAGCTCCCA
5064391 TGCAGCCATAGTTTGAAGAACAGCAGAGTTTTTGACCCAAGAATCATGCTCTTAGTTTACAATCTGTAT
5064585 TGCAGTTCAACATCATCAGCACTTTTAGTTTTAGACAACACATTTATTGACCAAAAGCTGAGTGCCATG
5072338 TGCAGCTCTGATTCACTTGTTTCTCAATATTTGAACTTCCACGGTATGAAGGTATATATTTCAAATATG
5073424 TGCAGAGAAATTCCTCCACACACCGAGGCTCGTTTGGGAAGTAACGTTTTTACTAAAAAAAAATTACAG
5082606 TGCAGCAAGCAAAAAAAGTGGAATCCCTCGGAACACTGGACTCGCCGAGGCTAGTCAGAGCCTCTTTTG
5084595 TGCAGTTGAATCTGTAAGAGTGAGACACCCATTAGGCACCCAATAACTTTAGAAATTCAGAAGAAAAAT
5085963 TGCAGCTTGTGGAGCTGCTTATAACTTTTTATTTTGAGAATCGGTGTCAGAGTGTTTGGTGCATCTTTT
5087017 TGCAGTAACAAACATTATAATTTTTGTGTTGCATTATAAAAGCAAGACAATACTAATCAAGCCTTGATT
5087113 TGCAGCGGTTGATGCTGTACGTTTACTCACAGCAGCATCTCCTATCCCGACAAGATGGGTTGACTTTTA
5088162 TGCAGATTTTTTAGGACAACAAGATTCTCCAAGGTCTGAATAATTATGAGAACAAAAATATGCATTCAC
5098382 TGCAGGGCATCAAACAGGACATTAGTCACAAGTAATTAGCATAAGCAACGGATACTATAATTACAGATC
5104630 TGCAGCTGTAGATGAGGAGGTACGCTAGTCTAATTTTAGAGGAATAAAGATGGAGAGTTTTACAGATCG
5111164 TGCAGTACCAGATGGACAAGGAGAGAGAAGCGAGTTAGAGGTCTTTACAGATCGGAAGAGCGGTTCAGC
5111268 TGCAGAGGTAATCTACACCTATCAGTTCACTTCCCATATGTCGTTGAGTACAAACAAGGACACAAAGTT
5112599 TGCAGGAAATCCGGCATTTAGAGGCATTTACAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGA
5114089 TGCAGTCCTTTTTGATTGTTTCTGATCCTTCCATCACGAAACATATATTACAGATCGGAAGAGCGGTTC
5114985 TGCAGCAAACACTTGCTAATTTTCACTCTATCTTACCAAAATGAGGCATTACAGATCGGAAGAGCGGTT
5123053 TGCAGGTCATTTTATAATGTGACACATCGGAGATTACAGATCGGAAGAGCGGTTCAGCAGGAATGCCGA
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5123475
5123751
5123950
5124128
5125626
5128967
5130194
5130531
5132370
5132432
5132791
5134558
5135436
5136045
5136108
5136623
5136790
5136794

TGCAGAGCAATTACCACAGTTTATCGCTGCTGGCAACTTACAGATCGGAAGAGCGGTTCAGCAGGAATG
TGCAGCTGCCTTTCGTCATGTGGCTTGCCATCAAGAAACCAGAGAAGTTTAGCTTGTCTTGGCTTATTA
TGCAGCCATTGGTGCCTACCTGGAGTTCCATACACATGGAATGAACTTCTGTATGCTCACCTACTGTCA
TGCAGCTAGAATAATGTCTACCCACAATCAAATATAGATCTTACAGATTATTACAGATCGGAAGAGCGG
TGCAGTCGGGCCACTTTTTTTTAGTTGGTGTGAATGTCCCGTAATTTATTACAGATCGGAAGAGCGGTT
TGCAGAAGAAAGGCACACATGAGCAGCTGTGATGGAATAACCCAGTTGCAATCTACCACATATTACAGA
TGCAGTGGTGGAAGCTTGTACATCTGGAGTTTTACAGATCCGAAGAGCGGTTCAGCAGGAATGCCGAGA
TGCAGTCAGCATAACCGGTGCAGCTATCTGCCACATCTTCTTTGATTCATCTCGACATTTTCTGTTACA
TGCAGCTGTCCTTTCACCAAGTAACGCATATAAGTTTGCATCGACGAGTTGCTATTCCAAATAAGAGCA
TGCAGGTTTCTTCTTTCACCCAAAAAAAAAGCCCTCATTTTGGTTCAATTTTACAGATCGGAAGAGCGG
TGCAGCAATTTGCTAATAACCTCCTCATCCTTGCCTTCAAAATCAATGCCTTCAAAAACAAATCTCATA
TGCAGCTGAAGTGGTAAAGAGGCTTGTTGAAGGGGCTCAACTCCTCATCCATCAAAGATTTACAGATCG
TGCAGGAAAGGCAAGGGAAATAACAACAAATAATTACAGATCGGAAGAGCGGTTCAGCAGGAATGCCGA
TGCAGCAATAATTTACTTCTTCTATGTTTGGCTATTACAGAAGCCTTGTTCTGTTCAAACTTCAGCTTT
TGCAGAACACATGACTCCAATTTGAAGGATACATCCCAAGCACTCCAGATTACAGATCGGAAGAGCGGT
TGCAGGGACGTTGGCCTATGTTGAGTAGATTACAAATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACC
TGCAGCTACAAACCAATCCATAGTCACAGCTCAAGGAGTCACTACAGTTACAGACCAAGCCATAAGACC

TGCAGGTCCAAGCACTTCAACACGTGTGGCTGTTGATTCTGAAGAAGCCATGCCTGATGTTGACAGTGA
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Supplementary Table 2. BioProject PRINA398959

Accession Sample Name Organism Tax ID Cultivar Isolate BioProject

SAMNO07542559 1 Camellia sinensis 4442 Camellia sinensis TRFK 504/1 PRINA398959
SAMNO07542560 2 Camellia sinensis 4442 Camellia sinensis TFRK 504/2 PRINA398959
SAMNOQ7542561 3 Camellia sinensis 4442 Camellia sinensis TFRK 504/3 PRIJNA398959
SAMNO07542562 4 Camellia sinensis 4442 Camellia sinensis TFRK 504/4 PRINA398959
SAMNO07542563 5 Camellia sinensis 4442 Camellia sinensis TFRK 504/5 PRINA398959
SAMNO07542564 6 Camellia sinensis 4442 Camellia sinensis TFRK 504/7 PRINA398959
SAMNO07542565 7 Camellia sinensis 4442 Camellia sinensis TFRK 504/8 PRINA398959
SAMNO07542566 8 Camellia sinensis 4442 Camellia sinensis TFRK 504/9 PRINA398959
SAMNO07542567 9 Camellia sinensis 4442 Camellia sinensis TFRK 504/10 PRIJNA398959
SAMNO07542568 10 Camellia sinensis 4442 Camellia sinensis TFRK 504/11 PRINA398959
SAMNO07542569 11 Camellia sinensis 4442 Camellia sinensis TFRK 504/12 PRIJNA398959
SAMNO07542570 12 Camellia sinensis 4442 Camellia sinensis TFRK 504/13 PRIJNA398959
SAMNO07542571 13 Camellia sinensis 4442 Camellia sinensis TFRK 504/15 PRIJNA398959
SAMNOQ7542572 14 Camellia sinensis 4442 Camellia sinensis TFRK 504/16 PRIJNA398959
SAMNO07542573 15 Camellia sinensis 4442 Camellia sinensis TFRK 504/17 PRINA398959
SAMNO07542574 16 Camellia sinensis 4442 Camellia sinensis TFRK 504/18 PRINA398959
SAMNO07542575 17 Camellia sinensis 4442 Camellia sinensis TFRK 504/19 PRINA398959
SAMNO07542576 18 Camellia sinensis 4442 Camellia sinensis TFRK 504/21 PRINA398959
SAMNO7542577 19 Camellia sinensis 4442 Camellia sinensis TFRK 504/22 PRINA398959
SAMNO07542578 20 Camellia sinensis 4442 Camellia sinensis TFRK 504/23 PRINA398959
SAMNOQ7542579 21 Camellia sinensis 4442 Camellia sinensis TFRK 504/24 PRIJNA398959
SAMNO07542580 22 Camellia sinensis 4442 Camellia sinensis TFRK 504/27 PRIJNA398959
SAMNO07542581 23 Camellia sinensis 4442 Camellia sinensis TFRK 504/28 PRINA398959
SAMNO07542582 24 Camellia sinensis 4442 Camellia sinensis TFRK 504/31 PRINA398959
SAMNO07542583 25 Camellia sinensis 4442 Camellia sinensis TFRK 504/32 PRINA398959
SAMNOQ7542584 26 Camellia sinensis 4442 Camellia sinensis TFRK 504/33 PRIJNA398959
SAMNO07542585 27 Camellia sinensis 4442 Camellia sinensis TFRK 504/34 PRINA398959
SAMNOQ7542586 28 Camellia sinensis 4442 Camellia sinensis TFRK 504/35 PRINA398959
SAMNOQ7542587 29 Camellia sinensis 4442 Camellia sinensis TFRK 504/36 PRIJNA398959
SAMNO07542588 30 Camellia sinensis 4442 Camellia sinensis TFRK 504/37 PRINA398959
SAMNOQ7542589 31 Camellia sinensis 4442 Camellia sinensis TFRK 504/38 PRINA398959
SAMNO07542590 32 Camellia sinensis 4442 Camellia sinensis TFRK 504/39 PRINA398959
SAMNO07542591 33 Camellia sinensis 4442 Camellia sinensis TFRK 504/40 PRINA398959
SAMNOQ7542592 34 Camellia sinensis 4442 Camellia sinensis TFRK 504/41 PRINA398959
SAMNO07542593 35 Camellia sinensis 4442 Camellia sinensis TFRK 504/42 PRINA398959
SAMNOQ7542594 36 Camellia sinensis 4442 Camellia sinensis TFRK 504/43 PRINA398959
SAMNO07542595 37 Camellia sinensis 4442 Camellia sinensis TFRK 504/44 PRIJNA398959
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SAMNO07542596
SAMNO07542597
SAMNO7542598
SAMNO7542599
SAMNO7542600
SAMNO07542601
SAMNO7542602
SAMNO7542603
SAMNO07542604
SAMNO07542605
SAMNO07542606
SAMNO07542607
SAMNO07542608
SAMNO07542609
SAMNO7542610
SAMNO7542611
SAMNO7542612
SAMNO7542613
SAMNO7542614
SAMNO07542615
SAMNO07542616
SAMNO07542617
SAMNO07542618
SAMNO07542619
SAMNO07542620
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SAMNO7542626
SAMNO07542627
SAMNO07542628
SAMNO07542629
SAMNO07542630
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Camellia sinensis
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Camellia sinensis
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Camellia sinensis
Camellia sinensis

TFRK 504/45
TFRK 504/47
TFRK 504/48
TFRK 504/49
TFRK 504/50
TFRK 504/51
TFRK 504/53
TFRK 504/55
TFRK 504/57
TFRK 504/58
TFRK 504/59
TFRK 504/60
TFRK 504/61
TFRK 504/62
TFRK 504/63
TFRK 504/65
TFRK 504/68
TFRK 504/69
TFRK 504/70
TFRK 504/71
TFRK 504/73
TFRK 504/74
TFRK 504/75
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Camellia sinensis
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Camellia sinensis
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Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
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4442
4442
4442
4442
4442
4442
4442
4442
4442
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4442
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4442
4442
4442
4442
4442
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Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
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Camellia sinensis
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Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis

TRFK 524/119
TRFK 524/121
TRFK 524/122
TRFK 524/123
TRFK 524/124
TRFK 524/125
TRFK 524/126
TRFK 524/127
TRFK 524/130
TRFK 524/131
TRFK 524/132
TRFK 524/134
TRFK 524/136
TRFK 524/137
TRFK 524/138
TRFK 524/139
TRFK 524/140
TRFK 524/141
TRFK 524/142
TRFK 524/143
TRFK 524/144
TRFK 524/145
TRFK 524/146
TRFK 524/147
TRFK 524/149
TRFK 524/150
TRFK 524/154
TRFK 524/155
TRFK 524/156
TRFK 524/157
TRFK 524/159
TRFK 524/160
TRFK 524/162
TRFK 524/163
TRFK 524/165
TRFK 524/166
TRFK 524/167
TRFK 524/168
TRFK 524/169
TRFK 524/170

PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
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SAMNO07542806
SAMNO07542807
SAMNO07542808
SAMNO07542809
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SAMNO7542811
SAMNO7542812
SAMNO7542813
SAMNO7542814
SAMNO7542815
SAMNO07542816
SAMNO07542817
SAMNO07542818
SAMNO07542819
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246
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248
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Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis
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Camellia sinensis
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Camellia sinensis
Camellia sinensis
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Camellia sinensis
Camellia sinensis
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Camellia sinensis
Camellia sinensis
Camellia sinensis
Camellia sinensis

TRFK 524/172
TRFK 524/173
TRFK 524/175
TRFK 524/176
TRFK 524/177
TRFK 524/178
TRFK 524/179
TRFK 524/182
TRFK 524/183
TRFK 524/184
TRFK 524/185
TRFK 524/186
TRFK 524/187
TRFK 524/188
TRFK 524/189
TRFK 524/190
TRFK 524/192
TRFK 524/194
TRFK 524/195
TRFK 524/196
TRFK 524/197
TRFK 524/198
TRFK 524/199
TRFK 524/200

PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
PRINA398959
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Supplementary Fig. 1. A representative UPLC chromatogram of black tea sample from parental lines TRFK 303/577 (solid line) and GW Ejulu (dotted line) with
the three internal standards.

KEY: X-axis = Retention time (minutes), Y-axis = Absorbance units (278 nm)
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Supplementary Fig. 2. A representative UPLC chromatogram of green tea sample from parental lines TRFK 303/577 (solid line) and GW Ejulu (dotted line) with
the three internal standards.
KEY: X-axis = Retention time (minutes), Y-axis = Absorbance units (278 nm)
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