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Abstract

Tea is the world's most consumed beverage, next to water. This makes it an economically important crop.
However, the genetic relationship between the cultivars at the Tea Research Foundation of Central Africa
(TRFCA) have not been classified. This study assessed 56 tea accessions from the TRFCA. The 56 accessions
were split into five groups, namely, Cambod type, China type, TRFCA, Tea Research Institute (TRI), and
unknown. A total of 16 382 genome-wide genetic markers were developed using a next-generation sequencing
(NGS) platform at Diversity Array Technology (DArT). The current study also explored the usefulness of the
DArT-seq markers for tea germplasm analysis. The genetic relationships among the cultivars were analysed using
the neighbour-joining method & UPGMA, this was successful in clustering the different cultivars into groups of
origin. Principal coordinate analysis (PCoA) showed that 33 TRFCA derived cultivars were distributed in all four
quadrants. Analysis of molecular variance (AMOVA) revealed that there was a higher proportion of genetic
variation (94%) within the groups than there was among the groups (6%). Nei’s unbiased genetic distances among
groups suggested that the 33 TRFCA derived cultivars had a low genetic distance from the other four groups. This
confirms the PCoA inference, that the 33 TRFCA had a high genetic admixture. The genetic structure was utilised
to assign three cultivars of unkown origin, to the Cambod type group. Two cultivars were closely related to the

China type group. Our findings are a useful guide for future tea breeding programmes in Southern Africa.
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Introduction

Tea is produced from the leaves of Camellia sinensis (L.) O. Kuntze. The tea plant is mostly found in eastern and
southern Asia, namely China, Japan and India. There are over 50 countries around the world where tea is cultivated
(Wheeler and Wheeler 2004). The main types of processed tea are green tea, oolong tea and black tea. There are
three species of tea that are used to produce commercial tea. The Assam type (Camellia assamica) is indigenous
to Southeast Asia, Assam, Indochina and China. It is a tall tree with large leaves, and it is less resistant to cold.
The China type (Camellia sinensis) is indigenous to China and is a bush with small leaves and is cold resistant.
The Cambod type (Camellia assamica subsp. Lasiocalyx) has been treated as an intermediate between the China

and Assam types of tea in terms of its cold tolerance.



In 1956 a tea improvement programme was started at the TRFCA in Malawi (Ellis and Nyirenda 1995). This
programme began with the selection of five trees. These five plants were vegetatively propagated and planted out.
A further 16 trees were selected, and all 21 were propagated. The best ten plants were selected, from which two
commercial clonal seed gardens were planted in 1962. The ten clones were reduced to six clones that were used
to establish more clonal seed gardens. The breeding programme progressed, and clones (with good yield and
quality) were released and recommended for commercial use (Ellis and Nyirenda 1995). Over the years cultivars
from the Tea Research Institute (TRI) (Kericho, Kenya) were also introduced into the TRFCA programme. The
progress in the yield and quality of the newly released cultivars seems to have plateaued (Wium 2009). This could
be due to a limited genetic diversity in the parental plants used to develop the cultivars. It would be beneficial to
identify genetically distant plants for use as parents in the breeding programme. Information regarding the parents
and the origins of some of these cultivars has been misplaced over the years. Clarifying the genetic structure
within the germplasm will assist in management and conservation of the tea genetic resources. A successful
breeding or genetic conservation programme relies on the understanding of the genetic variation in the gene pool
(Paul et al. 1997).

The cultivars released in the past 15 years from the TRFCA have been from a selection of F1 progeny produced
from deliberate crossings from the above pool of parents and vegetatively propagated. Good cultivars may be
found with fortuitous combination of good traits, this is illustrated by the cultivar Yabukita, widely used in Japan
(Tanaka 2012). The classification of tea cultivars is usually based on morphological characterisation (e.g. shape
of the leaf as well as the colour of leaf and flower). Previously, phylogenetic dendrograms for tea have been
constructed using amplified fragment length polymorphism (AFLP), random amplified polymorphic DNA
(RAPD) and microsatellite markers (Roy and Chakraborty 2009; Fang et al. 2012; Wambulwa et al. 2016;
Wambulwa et al. 2016b). More recently, 23 microsatellite markers and three chloroplast DNA regions (intergenic
spacer regions identified using Sanger sequencing) were used to investigate the genetic relationships of tea
accessions in Africa, 20 of these accessions were from the TRFCA ( Wambulwa et al. 2016; Wambulwa et al.
2017). The phylogenetic relationships among 18 tea accessions of Camellia sinensis and its wild relatives were
analysed using 15 444 SNP markers discovered from restriction site-associated DNA sequencing (RAD-seq)
(Yang et al. 2016).

The developments made in NGS have allowed for advances in marker identification. The new technologies that
incorporate restriction enzymes and NGS for marker discovery include DArT, RAD-seq and genotyping-by-
sequencing (GBS) (Baird et al. 2008; Elshire et al. 2011; Sansaloni et al. 2011). Many of these marker
identification methods also rely on restriction enzymes to generate a reduced representation of a genome (Davey
et al. 2011). Reduction of the genome complexity is used for species with large genomes to ensure an adequate
overlap in sequence coverage (Elshire et al. 2011). The difference between DArT-seq and GBS as well as RAD-
seq is in how the complexity reduction is achieved. DArT-seq complexity reduction methods efficiently target
low copy sequences corresponding predominantly to active genes in the genome (Sansaloni et al. 2011; Li et al.
2015). The advantages of DArT-seq include scoring thousands of unique genome-wide markers in one single
experiment, low-cost and no prior sequence information is required. DArT-seq technology has been applied

successfully in diversity analyses and phylogenetic studies on several crop species (Alam et al. 2018; Mogga et



al. 2018; Zaitoun et al. 2018). However, the application of DArT-seq markers in analysis of genetic resources in

tea has not been explored.

Genetic diversity in an agricultural species such as tea is important as it allows for genetic improvement.
Knowledge of genetic diversity among the available tea cultivars is an essential prerequisite for future breeding
and crop improvement programs (Balasaravanan et al. 2003). Molecular markers can be utilised for characterising
crop plant germplasm and decision making for their conservation (Barcaccia 2009). This study explores the
usefulness of DArT-seq markers for tea germplasm analysis. The study also aims to reveal the genetic relationship

of the selected cultivars.

Materials and methods

Plant material

Fresh tea leaves were collected from 56 cultivars at the cultivar reserve at the TRFCA in Malawi, packed in plastic
bags and transported to South Africa via air transport within 12 hours in cooler boxes. They were kept at 4°C until
DNA was isolated within seven days. The 56 cultivars consisted of the following groups: 33 TRFCA derived
cultivars, ten of which were of unknown origin, seven were China type, three were Cambod type, and three were

TRI full-siblings.

Phenotypic data measurement

Data collection on yield in form of plucked two or three leaves and a bud from established tea was carried out at
intervals of 10/11 days or 14 days depending on time of the year. The yield from individual plots were extrapolated
to green leaf yield (Kg) per which was converted to made tea per hectare (mt/ha) by a conversion factor of 0.225
prior to statistical analyses. The mean yields provided are for five seasons after the plants were fully established

in the field.

The rate of leaf fermentability was determined using the Chloroform test (Sanderson, 1963). This was carried out
on harvested two leaves and a bud sampled from five randomly selected bushes per plot to determine the
fermentability of the clones. SFS 204 and SFS 150 were used as standards for quick and slow fermentation,
respectively. Fermentability was scored based on the change in colour of the shoots after 40, 80 and 120 minutes
using a 4-point scale as: 1 - bright red brown (fast fermenter); 2- dull brown (moderate fermenter); 3- greenish

tinge (poor fermenter); 4-green (non-fermenter).

Drought tolerance was scored during the dry periods of the year, usually between September and November in
field plots by visual assessment of level of wilting using a 3-point scale as: 1. no visual sign of wilting and drooping

of leaves 2. mild wilting and drooping of leaves; 3. severe wilting and drooping of leaves with some leaf fall.

Isolation of genomic DNA
DNA extraction was carried out using the Qiagen DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). The
DNA concentration was determined with the use of a UV spectrophotometer, Gene-Quant Pro UV/Vis

Spectrophotometer (Amersham Biosciences, Uppsala, Sweden).



Sequencing

Sequencing was carried out at DArT Pty Ltd (Canberra, Australia). DNA quality was controlled prior to shipment
by testing the digestibility of the DNA using restriction enzyme Pstl (Fermentas, Burlington, Canada) and EcCoRI
(Promega, Madison, USA). Each restriction digestion reaction was carried out as described by the manufacturer;
this was then run on 1% agarose gel. The NGS procedure was carried out as described by Sansaloni et al. (2011)

using Pstl and Msel restriction enzymes.

Sequencing data cleaning and analysis

The data was received in Excel format, 1 or 0 was used to record the presence or absence of each marker in each
cultivar, respectively. The markers underwent quality control. The non-polymorphic markers, as well as the
markers that had a missing proportion of more than 5%, were removed. The polymorphic information content
(PIC) was calculated using PowerMarker 3.25 (Liu and Muse 2005). Markers that had a PIC value lower than
0.18 were removed. SAS® Enterprise Guide® 4.3. (SAS Institute Inc 2010. Administering SAS® Enterprise
Guide® 4.3. Cary, NC: SAS Institute Inc.) was used to perform correlation analysis. Duplicates (i.e. markers that
associated statistically to one another and resulted in a correlation value of one) were removed from this study.
JMP 10 (JMP, Version 10. SAS Institute Inc., Cary, NC, 1989-2007) was used to perform One-way analysis of
variance (ANOVA) for the distance between two markers versus the number of markers used to calculate this

distance.

Data analysis

The genetic relationships between the cultivars were illustrated based on the neighbour-joining method using
PowerMarker 3.25 and MEGA version 5 (Lui and Muse 2005; Tamura et al. 2011). The genetic distance between
two cultivars was calculated using the shared allele. The characteristic properties of DArT-seq markers was
assessed by calculating the PIC. A Student’s t-test was used to determine if there was a significant difference in
the distance calculated when using 5 DArT-seq markers and when using 5 000 markers. The Student’s t-test was

calculated using JMP 10 (JMP, Version 10. SAS Institute Inc., Cary, NC, 1989-2007).

GenAlEx 6.5 was used to analyse the genetic diversity of the germplasm groups (Peakall and Smouse 2006;
Peakall and Smouse 2012). AMOVA was used to assess the amount of variation among groups within the
germplasm. PCoA was performed to visualise the patterns of the genetic relationship. Pairwise estimates of Nei’s
unbiased genetic distance between the groups were determined using PowerMarker 3.25 (Nei 1973; Lui and Muse

2005).

The genetic population structure analysis was assessed using the Bayesian admixture procedure implemented in
STRUCTURE 2.3.4 (Pritchard et al. 2000). The software was programmed to run using the admixture model and
correlated allele frequency. The number of assumed populations (K) was estimated for K ranging from 1-8 using
three independent runs of 100 000 burn-in periods and 500 000 Markov Chain Monte Carlo (MCMC) repetitions
after burn-in. The most probable number of populations was determined using Structure Harvester (Earl 2012).

Structure Harvester followed the recommendation of (Evanno et al. 2005).



Results and discussion

A total of 88 745 markers were developed using DArT-seq. The non-polymorphic markers were removed from
this list, and 68 317 polymorphic markers remained. Markers that had a missing proportion of more than 5% were
eliminated, 27 354 markers remained. The PIC values for the DArT-seq markers ranged from 0.04-0.38 (Suppl.
Table 1). Markers that had a PIC value lower than 0.18 and duplicates (i.e. markers that associated statistically to
one another and resulted in a correlation value of one) were removed from this study, 16 499 DArT-seq markers
remained. Genetic distance between cultivars was calculated using 16 382 DArT-seq markers out of the total
16 499, as Excel has a limitation of 16 384 columns. The development of this large number of high-throughput
markers provides an opportunity to anchor the markers on a tea reference genome, which is yet to be completed
(Xia et al. 2017). The DArT-seq markers had an average PIC value of 0.29. The average PIC values of 0.29 in tea
was similar to values identified in DArT-seq markers of macademia (0.29) and sugar beet (0.28) (Alam et al.
2018; Simko et al. 2012).

The dendrogram was successful in clustering the different cultivars into groups of origin (e.g. Cambodian type
and China type) (Fig. 1 and Suppl. Fig. 1). This dendrogram also clustered siblings together (e.g. the TRI progeny
of the cross PC1 X TN14-13). RC13 and MT12 (of unknown origin) clustered with the Cambod type.

One-way ANOVA for the distance between two markers by number of markers was used to calculate this distance.
This revealed that there was a high standard error of the mean when five markers are used to calculate the distance
between two cultivars (Fig. 2 and Fig. 3). An increase in the number of markers used, resulted in a decrease in the
standard error of the mean. PC 113 and PC118 are full siblings. The use of fewer markers results in an incorrect
estimation of the genetic relationship which appears to be more distant (Fig. 2). In Fig. 3, the distance between
CL12 and PC213 is calculated to be smaller when fewer markers are used. This resulted in an incorrect estimation
of the genetic relationship (CL12 and PC213 do not share a common parent). The increase in DArT-seq markers
resulted in a more accurate dendrogram. The distance was within 5% of the final distance when >2 500 markers
were used when calculating the genetic distance between the full siblings, PC113 and PC118. The distance was
within 5% of the final distance when using >1 000 markers when calculating the genetic distance between the

cultivars that did not share parents, CL12 and PC213.

A Student’s t-test was used to determine if there was a significant difference in the distance calculated using 5
DArT-seq markers and with the use of 5 000 markers (Table 1 and 2). The null hypothesis was rejected as there
was a statistically significant difference between the genetic distance calculated using 5 DArT-seq markers and

the genetic distance calculated using 5 000 DArT-seq markers at a 95% level of confidence.

The PCoA analysis (Fig. 4) confirmed the clusters obtained from neighbour-joining method dendrogram seen in
Fig. 1. The cultivars sharing CL12 as a common parent clustered together in the upper left quadrant. Those sharing
SFS150 as a common parent clustered together in the lower quadrant. The Cambod type clustered in the upper
quadrants with MT12 and RC13 (of unknown origin). The full-siblings from TRI group clustered together in the
lower right quadrant. The China type group clustered in the left quadrants. The TRFCA group’s cultivars were
scattered in all four quadrants. This indicates that the TRFCA cultivars are a product of various crosses obtained

by the breeders as they had a high proportion of genetic admixture.
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Fig 1. The genetic relationship amongst 56 cultivars using the neighbour-joining method. The dendrogram was generated

using 16,382 DArT-seq markers
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Fig. 2. One-way ANOVA for genetic distance calculated by number of markers for the two siblings PC113 and PC118. Error
bars display standard error of mean (n = 3 for number of markers ranging from 5 to 5000, n = 1 for number of markers > 5000).
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Table 1. Student’s t-test for distance calculated between full-siblings, PC113 and PC118, P=0,0001, mean values with different

group letters are significantly different at the 95% level of confidence

Number of markers Distance calculated mean N Grouping
5 0.28 3 A
5000 0.15 3 B

Table 2. Student’s t-test for distance calculated between cultivars that do not share a parent: CL12 and PC213, P=0,0002.
Mean values with different group letters are significantly different at the 95% level of confidence

Number of markers Distance calculated mean N Grouping
5 0.22 3 A
5000 0.44 3 B
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Fig 4. Principal coordinate analysis of 56 tea accessions based on 16,382 DArT markers. Accessions were coloured by origin
and parents (The progeny of CL12 and the progeny of SFS150 are indicated as X and +, respectively). Cultivar names were

added for cultivars of unknown origin

Table 3 Pairwise estimates of the genetic distance between TRFCA germplasm groups

TRFCA China Unknown Cambod TRI

TRFCA 0.00

China 0.06 0.00

Unknown  0.07 0.13 0.00

Cambod 0.08 0.15 0.13 0.00

TRI 0.09 0.15 0.13 0.14 0.00

The AMOVA revealed that there was a higher proportion of genetic variation (94%) within the groups than among
the groups (6%). Nei’s unbiased genetic distances among groups are illustrated in Table 3. The TRFCA had a low

genetic distance from the other four groups (Cambod type, China type, TRI and unknown). This confirms the
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PCoA inference, that the TRFCA has a high genetic admixture of Cambod type, China type and Assam type. The

remaining four groups showed a relatively high genetic distance between each other.

A model-based clustering method for deducing population structure using DArT-seq markers was implemented
(Fig. 5). The best value for K was calculated to be two (Suppl. Fig. 2). Population structure indicating cultivar
identity number can be found in Suppl. Fig. 3. The cultivar name and the traits measured can be identified by

referring to the identification number in Suppl. Table 2.
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Fig 5. Genetic structure of 56 tea cultivars as inferred by the programme STRUCTURE at K=2, 3 and 4. The accessions are

grouped along the horizontal axis

At K=4 CL12 (China type) and PC1 were identified as non-admixed cultivars. These two cultivars were brought
into the TRFCA in 1956 when the tea breeding programme was established. CL12 is a known parent of seven
cultivars in this TRFCA group. There was no clear observation of the population structure for the TRFCA
cultivars, the 33 TRFCA derived cultivars were admixtures. Admixed cultivars were also identified in the ten
cultivars from the unknown group. The study confirms that tea is highly heterogeneous (Yang et al. 2016). The

following cultivars of unknown origin, were assigned to groups: MT12, RC13 and 15M-1 were closely related to



the Cambod type group. Further classification of the following TRFCA cultivars was carried out using the
structure: RC3 and PC153 were closely related to the China type group (Fig. 5).

The DArT-seq and RAD-seq technologies have an advantage in saving time when compared to AFLP, RAPD and
SSR marker technologies. DArT-seq technology produces a higher number of markers than the RAD-seq (SNP
marker) technology (Alam et al. 2018; Yang et al. 2016). The cost of marker development of DArT-seq and RAD-
seq technologies markers is similar. Due to the higher number of DArT-seq markers produced, the average cost

per data point is less than SNP markers.

Conclusion

Recent studies have looked at identifying more markers in Camellia sinensis and characterising the genetic
relationship between tea cultivars in Africa (Wambulwa et al., 2016; Wambulwa et al. 2016b). An increased
number of markers across the genome would result in a better representation of the genome during germplasm
analysis. The genetic relationship among the 56 cultivars was characterised using DArT-seq markers. The present
study highlights the advantages of the DArT-seq marker system for diversity analysis in breeding or genebank
materials for crop improvement as well as for estimating the diversity of the germplasm collections. The markers
that have been used for genetic relationship studies in the past are not only limited in number (hundreds of markers
assessed) but are time-consuming, costly and low-throughput markers. DArT-seq technology stands as an
appropriate and cost-effective system to discover hundreds of polymorphic genomic loci, scoring thousands of
unique genomic-wide DNA fragments in one single experiment, without requiring existing DNA sequence
information. This method would be useful in analysing a closely related germplasm where more markers would
are required. The genetic relationship between the cultivars that were not classified previously (due to lost records

or products of open pollination) has been inferred.

The present results contribute to understanding the existing genetic diversity, relationship and population structure
among the TRFCA germplasm cultivars. Such information is crucial to tea breeding programs worldwide, in
meeting the future demands of future breeding programs as well as in formulating effective conservation strategies
for genetic diversity within cultivars. This method, illustrated with the TRFCA collection, may be applicable to

different crop germplasms worldwide.
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Supplementary Figures and Tables
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Suppl. Fig. 1 The genetic relationship among 56 cultivars using the UPGMA method. The dendrogram was generated using
16 382 DArT-seq markers
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Suppl. Fig. 3 Genetic structure of 56 tea cultivars as inferred by STRUCTRE at K=2, 3 and 4. The accessions are grouped (1-
5) along the horizontal axis. Each cultivar is represented by a single bar broken into K coloured segments. The numbers 1-56
represent the individual cultivars. The numbers in brackets correspond to the populations: (1) = TRFCA, (2) = China type, (3)
= Cambod type, (4) = Full siblings from TRI and (5) = unknown

Click on this link to be redirected to the Suppl. Table 1 summary statistics table for the 16 382 DArT-seq loci for 56 TRFCA

tea samples:

https://www.dropbox.com/s/Oei6hfkkm3s1gg9/Summary%20Statistics%20DArT.xIsx?dI=0
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Suppl. Table 2 A list of the individual cultivars, the groups and phenotypic data (mean yield, rate of fermentability and
drought tolerance)

Cultivar Group Yield Fermentability Drought Tolerance
15M-1 5 unknown 3593 1 1
84/13-20 4 TRI full siblings 3176 1 1
84/13-22 4 TRI full siblings 3 1
86/27-3 4 TRI full siblings 2825 2 1
88/6-7 5 unknown 3236 1 2
C/182-40 3 Cambod Type 1239 2 3
CL12 2 China Type 2111 3 2
CL17 2 China Type 1472 3 2
K6/8 3 Cambod Type 1670 1 3
MT12 5 unknown 2562 2 1
PC1 1 TRFCA 2728 1 3
PC105 1 TRFCA 2244 1 3
PC108 1 TRFCA 2825 1 3
PC110 1 TRFCA 2393 1 3
PC113 1 TRFCA 2144 1 3
PC114 1 TRFCA 2547 1 3
PC115 1 TRFCA 2129 1 3
PC117 1 TRFCA 3148 1 3
PC118 1 TRFCA 2424 1 3
PC119 1 TRFCA 1909 1 3
PC122 1 TRFCA 4109 1 1
PC123 1 TRFCA 4560 1 1
PC127 1 TRFCA 1865 2 2
PC131 1 TRFCA 1733 1 3
PC150 1 TRFCA 3503 2 3
PC153 1 TRFCA 2836 2 1
PC165 1 TRFCA 3567 2 1
PC168 1 TRFCA 3773 1 1
PC169 1 TRFCA 2191 3 1
PC175 1 TRFCA 3861 2 1
PC184 1 TRFCA 3556 1 3
PC185 1 TRFCA 4657 2 1
PC190 5 unknown 2835 2 2
PC198 1 TRFCA 3946 2 1
PC213 1 TRFCA 4625 2 1
PC268 1 TRFCA 4200 1 2
PC79 5 unknown 2222 1 3
PC80 1 TRFCA 1881 1 3
PC81 1 TRFCA 2548 2 3
RC1 5 unknown 3845 3 1
RC13 5 unknown 3611 3 1
RC15 1 TRFCA 3166 3 1
RC16 1 TRFCA 3624 3 1
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