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Abstract  Genetic improvement of tea for both 
health and economic benefit requires proper genetic 
characterization of sequence variation present in tea 
accession especially those conserved in the ex-situ 
genebanks. Here, we studied the genetic variation 
and population structure of 376 tea germplasm 
at Rwebitaba Tea Research Centre (RTRC), a tea 
research station with the largest collections of tea 
germplasm in East Africa. The study was conducted 
using 8480 (22.7%) diversity array technology 
(DArT) SNP markers. These markers had a high 
call rate of 77% with mean polymorphic information 
content (P.I.C) of 0.12 and minor allelic frequency of 
0.08. The expected heterozygosity (He) varied from 
0.05 to 0.15 while the observed heterozygosity (Ho) 
varied from 0.01 to 0.26. The overall inbreeding 
coefficient (FIS) was 0.45, with some populations 
showing a high level of outcrossing (FIS = − 
0.035). Analysis of molecular variance revealed a 
high within-population variance (88.9%) showing 
weak genetic differentiation between populations 

(PhiPT = 0.111). Structure analysis showed the 
presence of eight clusters, with all sub-populations 
highly admixed except for a few tea clones such as 
Ch-06 and Ch-07. Phylogenetic analysis confirmed 
the clustering, showing interrelatedness between 
different tea genotypes, which will facilitate the 
selection of parents for increased genetic gain and 
breeding efficiency in tea breeding. In general, 
the genetic diversity of tea genotypes is relatively 
low, with high variation within the existing tea 
populations. These results showed that the existing 
variation can be exploited for the development of 
unique tea genotypes in Uganda.
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Introduction

Tea (Camellia sinensis (L.) O. Kuntze) is one of the 
most consumed beverages in the world due to its 
favorable taste, aroma, and health benefits (Wang 
et al. 2022). It is mainly consumed in different forms, 
either as “non-fermented tea”, “fermented tea” or 
“semi-fermented tea”, mainly referred to as green, 
black, and oolong tea respectively. Differences in 
consumer preferences are due to the unique attributes 
and benefits each type of tea offers, which are 
directly dependent on the nature of processing. For 
black tea, fermentation transforms the polyphenol 
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in tea leaves into theaflavin, thearubigin, and 
theabrownin, which influences the strength, colour, 
briskness, aroma, taste, and pungency associated 
with black tea quality (Rahman et  al. 2020). On the 
other hand, the quality of green tea is influenced by 
the proportion of theanine (α-glutamylethylamide) 
relative to the total polyphenol, which influences 
the mellowness and sweet saltness (Umani taste) 
(Kaneko et  al. 2006). The health benefits of 
green tea are majorly associated with catechins 
(3,3,4,5,7-pentahydroxyflavan) (Sharangi 2009), 
and these include, offering protection to the cell by 
scavenging oxygen free radicals, anti-viral, anti-
inflammatory, anti-allergic and anti-cancer effects 
(Shi et  al. 2016; Bae et  al. 2020). Another form of 
non-fermented tea is purple tea, a variety of Camellia 
sinensis with a stronger antioxidant capacity (Joshi 
et al. 2017). It contains a high level of anthocyanins 
(135-fold) compared to normal green tea (Kerio et al. 
2013; Sun et  al. 2016). It also contains 1, 2-di-O-
galloyl-4, 6-O-(S)-hexahydroxydiphenoyl-β-D-
glucose (GHG), a hydrolysable tannin, only found 
in purple tea (Yagi et  al. 2009). Anthocyanins and 
GHG has been shown to demonstrate excellent anti-
obesity, anti-hypertensive, anti-carcinogenic, and 
anti-ageing effects (Lee et  al. 2009; Shimoda et  al. 
2015; Blesso 2019). To exploit the potential of tea 
in its improvement, there is a need to characterize 
the available genetic resource to identify the best tea 
germplasm for breeding and product development.

Tea was introduced in Uganda by the British 
Government, through the Royal Botanical Gardens 
of England and first planted at the Botanical Gardens 
in Entebbe in 1900. The planting materials were 
brought from Assam India. By 1914, tea growing 
reached Toro, Bunyoro and Ankole regions of 
Uganda. The first successful tea plantations in 
Uganda were established by the Europeans and 
Asians in Central region of Uganda in 1924. The 
first tea exports were made to the United Kingdom 
in 1945. The increased demand for processed tea 
on the export market opened opportunities for the 
Ugandan smallholder farmers to grow tea on out-
grower contract arrangements in the late 1950’s and 
early 1960’s. By 1955, the Agricultural Enterprises 
Limited (AEL), a private company owned by the 
Uganda Development Cooperation (UDC) was 
formed to develop 6 tea estates and 6 factories 
namely, Bugambe in Hoima, Muzizi in Kibale, 

Mwenge in Kyenjojo, Kiko in Kabarole, Ankole in 
Bushenyi and Salama in Mukono (MAAIF 2017). 
As more Ugandan smallholder farmers joined tea 
growing, a parastatal body called the Uganda Tea 
Growers Cooperation (UTGC) was established in 
1966 with a mandate to encourage associations of tea 
growers to form cooperative societies which would 
acquire processing factories. The first smallholder 
tea factories established by UTGC in 1969 were 
Igara (Bushenyi), Kayonza (Kanungu), Mabale 
(Kyenjojo), Mpanga (Kabarole) and other factory 
sites in Mityana, Buhweju and Kyenjojo, making tea 
Uganda’s third foreign exchange earner after coffee 
and cotton. However, from 1971 to 1985, the political 
upheavals that resulted in the expulsion of Asians 
negatively impacted both the tea industry and tea 
research in Uganda.

Tea Research and development in Uganda started 
in the 1960s at Rwebitaba Tea Research Centre (TRC) 
in Kyenjojo district. Rwebitaba Tea Research Centre 
was established in 1961 as the one of tea breeding 
station of the Tea Research Institute of East Africa 
(TRIEA). Research efforts focused on (i) collection 
and assembling of tea genotypes at Rwebitaba TRC, 
(ii) evaluation of yield in different tea genotypes 
and (iii) determining the effective fertilizer rate for 
optimal performance of different tea accessions. From 
these efforts, four tea clones were selected based on 
their relative yield. These included (i) UTR100/5, 
(ii) UTR108/82, (iii) UTR6/8 and (iv) UTR31/8. 
These tea clones were pre-leased and are currently 
grown as commercial tea varieties in Uganda. The 5th 
commercial tea variety (UTR303/577) was introduced 
to Uganda from Kenya as a high-yielding commercial 
variety. The political upheavals in the 1970s led to an 
abrupt ending of the breeding activities affecting the 
tea improvement program in Uganda. Subsequently, 
in 2003, National Agricultural Research Organization 
rehabilitated and re-established Rwebitaba Tea 
Research Station to resume tea research and produce 
high-quality and high-yielding tea clones. Currently, 
the institute has a large collection of tea genetic 
material constituting 148 tea genotypes in the ex-situ 
genebank, 228 tea clones in experimental field plots, 
and seed barie constituting over 14,005 tea genotypes. 
The tea genetic resource was left uncharacterized. 
It is therefore important that tea genotypes at RTRC 
are characterized genetically and physiochemically 
to generate profiles that can facilitate proper tea 
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germplasm conservation, germplasm exploitation 
for tea genetic improvement, and downstream 
commercialization in Uganda.

Several studies have used different molecular 
markers to determine the genetic variability and 
relationship among tea accessions. Molecular 
markers such as Random amplified polymorphic 
DNA (RAPD), Inter-simple sequence repeat (ISSR), 
Restriction fragment polymorphism (RFLP), Simple 
sequence repeats (SSR), Amplified fragment length 
polymorphism (AFLP) and Single nucleotide 
polymorphism (SNP) have been applied in cultivar 
identification (Wachira et al. 1995; Matsumoto et al. 
2002), genetic diversity (Kaundun and Matsumoto 
2002; Fang et al. 2012) and genetic mapping (Malebe 
et al. 2021). SNP markers offer greater opportunities 
to study genetic resources, genotype-phenotype 
association, and application of molecular breeding 
techniques like genomic selection. Genome-wide 
SNP discovery has been done using Genotyping-by-
sequencing (GBS) (Elshire et  al. 2011), RAD-Seq 
(Baird et  al. 2008), and Diversity Array Technology 
(DArT) (Sansaloni et  al. 2011). Of these, DArTseq 
offers a low-cost genotyping method that scores 
thousands of unique genome-wide markers without 
prior sequence information, using an effective 
complexity reduction method that targets low-copy 
sequences (active genes in the genome). This study 
was initiated to determine tea germplasm’s structure, 
genetic and physicochemical diversity at Rwebitaba 
TRC for effective conservation and utilization in 
genetic improvement and/or commercialization using 
mid-density DArTseq markers.

Materials and methods

Plant materials and sample collection

Leaf samples were collected from a total of 376 
germplasm at Rwebitaba TRC (0°38ʹ58.5”N 
30°25ʹ42.6”E (Location Code 6GGGJCXG + HQ)). 
Tea germplasm at Rwebitaba TRC is grouped into 
different populations, which may give a hint on 
the history of tea improvement at the tea station. 
Therefore, tea samples were taken from tea genotypes 
in the ex-situ tea germplasm (comprising two 
sections), experimental fields, chinary tea collection 
and assembly of purple tea genotypes. A total of 147 

tea samples were collected from the tea ex-situ tea 
genebank, with 82 samples taken from the genebank 
clonal section (Genebank_A) and 66 tea samples 
taken from the seedling section (Genebank_B). 
A third batch of samples (164 tea samples) were 
collected from the tea genotypes established in 
experimental fields (Rweb_Field_A), while 32 tea 
samples were collected from field with tea genotypes 
with Chinary tea characteristics (Rweb_Field_C). 
The last batch comprising 33 tea samples were taken 
from the field with tea genotypes with purple leaves 
(Rweb_Field_P). For each sample, 8 leaf discs were 
obtained using a leaf-cutting punch and were placed 
in an appropriate well on 96-well tube storage rack 
according to the plate design. The leaf samples were 
dried using silica gel in a desiccator before they were 
sent to SEQART AFRICA (Nairobi, Kenya) for 
DArTseq genotyping.

DArTseq genotyping

Tea leaf samples were sent to SEQART AFRICA 
located at International Livestock Research Institute 
in Nairobi for Genotyping. DNA extraction was 
done using a Nucleomag Plant DNA extraction 
kit (Macherey-Nagel inc, Bethlehem, PA. USA). 
The genomic DNA extracted was in the range 
of 50–100ng/ul. DNA quality and quantity were 
checked on 0.8% agarose. Libraries were constructed 
according to (Kilian et al. 2012) DArTSeq complexity 
reduction method through digestion of genomic DNA 
using a combination of PstI and MseI enzymes and 
ligation of barcoded adapters and common adapter 
followed by PCR amplification of adapter-ligated 
fragments. Libraries were sequenced using Single 
Read sequencing runs for 77 bases. Next-generation 
sequencing was carried out using Hiseq2500.

SEQART AFRICA uses a genotyping by 
Sequencing (GBS) DArTseq™ technology, which 
provides rapid, high quality, and affordable genome 
profiling, even from the most complex polyploid 
genomes. DArTseq markers scoring was achieved 
using DArTsoft14, an in-house marker scoring 
pipeline based on algorithms. Two types of DArTseq 
markers were scored: SilicoDArT markers and SNP 
markers, both scored as binary for presence /absence 
(1 and 0, respectively) of the restriction fragment 
with the marker sequence in genomic representation 
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of the sample. Both SilicoDArT markers and SNP 
markers were aligned to Tea reference genome, 
Teaplant_CSS_Genome (Xia et  al. 2019, 2020) to 
identify chromosome positions.

Data analysis

Quality analysis of SNP and SilicoDArT markers

The quality of both DArTSeq SNP and SilicoDArT 
markers was analyzed based on minor allelic 
frequency, call rate (%), polymorphic information 
content (PIC) and reproducibility (%) using 
DArTView software (https://​softw​are.​kddart.​com/​
kdxpl​ore/​dartv​iew/). Genetic richness, diversity and 
evenness parameters such as observed heterozygosity 
(Ho), expected heterozygosity (He), pairwise 
differentiation between the populations (FST), average 
inbreeding coefficient (FIS), Nei’s unbiased gene 
diversity, Shannon index, evenness and index of 
association were calculated using DArTR (Gruber 
et al. 2018) and Poppr package version 2.9.3 (Kamvar 
et  al. 2014) for R software (The R Foundation for 
Statistical Computing, Vienna: https://​www.R-​proje​
ct.​org/). Population differentiation and gene flow 
were assessed using analysis of molecular variance 
(AMOVA) and coefficient of genetic differentiation 
among population (PhiPT) using poppr.amova and 
randtest functions of poppr package respectively.

Population structure of tea germplasm at Rwebitaba 
TRC​

Population structure was assessed using LEA 
version 3.8.0, an R package for estimating ancestry 
coefficient and the number of ancestry population 
(Frichot and François 2015). Inference of admixture 
coefficient from the genotypic matrix was generated 
based on sparse non-negative matrix factorization 
(sNMF) using R function snmf. Results from this 
analysis are closely comparable to those generated 
using Bayesian clustering programs such as STRU​
CTU​RE (Pritchard et al. 2000). Runs of sNMF were 
performed for values of the number of clusters set 
to K = 2–10. The function snmf was also used to 
compute and plot an entropy criterion curve. The 
minimum cross-entropy value was selected as the 
possible number of ancestral populations or clusters 
that best explain the genotypic data (Alexander and 

Lange 2011; Frichot et  al. 2014). A discriminant 
analysis of principal components (DAPC) was done 
to confirm the results using find.clusters and dapc 
functions of DartR R package version 2.0.4. The 
lowest Bayesian Information Criterion (BIC) values 
were used to infer the optimal number of genetic 
clusters (K) to describe the genetic data. Each tea 
genotype was assigned to a given cluster based on 
membership probabilities.

Genetic relationship among tea accessions

To estimate pairwise relatedness, the genetic 
distances among different tea accession were 
analyzed based on Prevosti’s absolute genetic 
distance (Prevosti et  al. 1975) using provesti.dist 
function implemented in poppr R package. The 
genetic relationship between the 376 tea accessions 
was visualized using the Neighbour Joining method, 
implemented in Molecular Evolutionary Genetics 
Analysis software (MEGA) version 11 (Tamura 
et  al. 2021). Briefly, the DArT trimmed sequences 
for each genotype was concatenated using gl2fasta 
function in dartR to generate a single composite 
haplotype in fasta format. The heterogeneous state 
was resolved by randomly assigning one or another 
SNP variant to an individual. The composite 
haplotype fasta file was re-aligned and used in 
MEGA11 to generate a neighbour-joining tree using 
default parameters.

Functional diversity of tea germplasm at Rwebitaba 
TRC​

To determine the functional diversity of different 
tea genotypes at Rwebitaba TRC, physicochemical 
analysis was conducted to determine the relative 
quantity of different physicochemical components 
within each tea genotype. A total of 278 tea 
genotypes were analyzed for total polyphenol, 
catechins, theanine, caffeine, and rate of 
fermentation as described in (Csupor et  al. 2014; 
Nalugo et  al. 2022). A ratio of theanine to total 
polyphenol in the studied tea genotype was used 
to categorize different tea genotypes into different 
functional groups. The scale used included > 10 
for high-quality green tea genotypes, 5–10 for both 

https://software.kddart.com/kdxplore/dartview/
https://software.kddart.com/kdxplore/dartview/
https://www.R-project.org/
https://www.R-project.org/
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green and black tea, and < 5 for high-quality black 
tea genotypes.

Results

Analysis of DArTSeq‑based SNP and silicodart 
markers

DArTSeq genotyping of 376 tea germplasm at 
RTRC yielded a total of 37,391 DArTSeq-based 
SNP markers. The generated markers had a high 
call rate ranging from 38 to 100%, with mean call 
rate of 77%. Polymorphic information content 
(PIC) of DArTSeq-based SNPs ranged from 
0.03 to 0.49 with a mean PIC of 0.12 (Table  S1). 
Minor allelic frequency of the called SNPs ranged 
between 0.01 and 0.50, with a mean of 0.08 while 
the heterozygosity ranged from 0 to 0.69, with 
a mean of 0.06. Filtering of the generated SNP 
markers with a call rate of more than 90% and 
reproducibility of 95% resulted in a total of 8480 
SNPs markers, which were used in subsequent 
analysis. For some analyses, such as the estimation 
of genetic distance, structure, and phylogenetic 
analysis, all SNPs with callrate and reproducibility 
above 70% were used to capture the effects of rare 
alleles in the population.

On the other hand, a total of 25,636 SilicoDart 
markers were generated from genotyping 147 tea 
accessions. Their call rate ranged from 81 to 100% 
with a mean call rate of 98% and polymorphic 
information content ranging from 0.01 to 0.50, 
with a mean PIC of 0.07. The SilicoDart markers 

generated were very highly reproducible, ranging 
from 95 to 100%.

Genetic diversity of Ugandan tea germplasm at 
Rwebitaba TRC​

Analysis of the genetic diversity of 376 Ugandan tea 
genotypes revealed an overall gene diversity of 0.150 
and observed heterozygosity of 0.07. To estimate the 
genetic diversity between the five tea populations 
studied, three indexes were calculated. These included 
the Shannon-wiener index (H), Stoddard and Taylor 
index (G) and Simpson’s index (lambda). Based on 
the three indexes, Rweb_Field A population had the 
highest genetic diversity with H and G index of 5.10 
and 164 respectively. This was followed by Genebank 
A and Genebank B populations respectively (Table 1). 
All five populations did not show a significant 
difference in the Simpson index. Furthermore, all 
populations showed an even distribution of genetic 
abundances within their respective populations, 
with evenness (E.5) of 1, showing that the different 
tea populations at Rwebitaba TRC had an equal 
abundance of genotypes.

Both, index of association (Ia) and the standardized 
index of association (rbarD) were calculated to 
estimate the mode of reproduction and linkage 
equilibrium. Based on the index of association, 
Genebank A population had the highest value of Ia 
followed by Rweb_Field P and Rweb_Field C with 
464.0, 244.4 and 215.3 respectively. Rweb_Field A 
and Genebank B showed low values of Ia of 50.0 and 
97.7 showing that the rate of recombination within 
these populations is relatively high. Comparing the 
values of standardized index of association, only 

Table 1   Genetic richness, diversity and evenness of Ugandan tea genotypes at Rwebitaba TRC​

 N – Number of individuals observed, MLG – Number of multilocus genotypes, eMLG – the number of MLG at the smallest sample 
size ≥ 10 based on rarefaction, SE – Standard error based on eMLG, H – Shannon-wiener index of MLG diversity, G – Stoddart and 
Taylor’s index of MLG diversity, Lambda – Simpson’s index, E.5 – Evenness, Hexp – Nei’s unbiased gene diversity, Ia – Index of 
association and rbarD – The standardized index of association

Population N MLG eMLG SE H G Lambda E.5 Hexp Ia rbarD

Genebank A 82 82 32 6.24e−06 4.41 82 0.988 1 0.074 464.0 0.146
Rweb_Field_A 164 164 32 0.00e−00 5.10 164 0.994 1 0.084 50.0 0.009
Genebank B 65 65 32 2.93e−06 4.17 65 0.985 1 0.081 97.7 0.020
Rweb_Field_C 32 32 32 0.00e−00 3.47 32 0.969 1 0.179 215.3 0.036
Rweb_Field_P 33 33 32 0.00e−00 3.50 33 0.970 1 0.142 244.4 0.049
Total 376 376 32 2.33e−05 5.93 376 0.997 1 0.103 284.4 0.041
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genebank A had non-significant values of observed 
rbarD of 0.146 showing that no linkage exists within 
this population, confirming that these tea genotypes 
were introduced and established as clones. The other 
four populations showed significant observed rbarD 
values showing linkage and confirming recombination 
between the tea genotypes within these populations.

Molecular variance and genetic composition of tea 
populations at Rwebitaba TRC​

Analysis of molecular variance to detect divergence 
within and among the five tea populations 
partitioned 11.06% of the variation between 
population and 88.94% among individuals within 
population, detected at P < 0.01 and low genetic 
differentiation among tea genotypes population 
(PhiPT) of 0.111 (Table  2). The total population 
differentiation due to the proportion of genetic 
variation that is within the population relative to 
that between populations (Fixation index, FST), 
was 0.149 (GST = 0.18). A pairwise comparison 
of population differentiation between the studied 
tea populations at Rwebitaba TRC revealed that 
the genetic differentiation ranged from 0.009 
(Genebank B and Rweb_Field A) to 0.221 (Rweb_
Field P and Genebank A). Generally, genetic 
differentiation of tea genotypes was moderate with 
the highest recorded between Rweb_Field P and 

Genebank A (Table 3). Tea genotypes within Rweb_
field P populations had unique alleles exhibited by 
relatively higher genetic differentiation compared to 
other populations. It had 19.8% and 18.6% genetic 
differentiation with Rweb_Field A and Genebank B 
respectively. On contrary, it had a very low genetic 
differentiation (0.099) with Rweb_Field C, showing 
that the two populations shared a large number of 
similar alleles.

The observed heterozygosity between the studied 
tea population was low, varying from 0.051 to 
0.154. The highest observed heterozygosity was 
observed in Rweb_Field C and Rweb_Field P 
with 0.154 and 0.147 respectively. The observed 
heterozygosity for different tea genotypes at 
the individual level ranged between 0.015 and 
0.260 (Fig.  1). The tea genotype with the highest 
observed heterozygosity was Ch-15, a Chinary tea 
genotype. Other tea genotypes with high observed 
heterozygosity (above 0.200) included Ch-03, 
Ch-11, L4-04, Ch-04, Ch-14, Ch-09, and Ch-19, all 
tea genotypes with morphological characteristics 
of China tea, except one purple tea clone L4-04. 
The inbreeding coefficient (FIS) was analyzed to 
determine the extent of inbreeding in the studied 
tea population. The overall inbreeding coefficient 
was 0.448. Of the five populations, only one 
(Rweb_Field_P) indicated a relatively higher level 
of outcrossing with a negative FIS value of -0.035 
(Fig.  2). Genebank A and Genebank B showed a 

Table 2   Analysis of molecular variance for genetic differentiation among and within clusters of Ugandan tea genotypes at 
Rwebitaba TRC​

PhiPT – Genetic differentiation among accession populations = 0.111

Degrees of 
freedom

Sum of square Mean square Sigma (%) P value F-statistics 

Between population 4 2.63 0.66 0.01 11.06 0.01 FST = 0.123
Within population 371 26.01 0.07 0.07 88.94 FIS = 0.448
Total 375 28.64 0.07 0.08 100

Table 3   Pairwise FST 
values between tea 
populations at Rwebitaba 
TRC​

Genebank A Rweb_Field_A Genebank B Rweb_Field_C Rweb_Field_P

Genebank A 0.000
Rweb_Field_A 0.092 0.000
Genebank B 0.064 0.009 0.000
Rweb_Field_C 0.143 0.139 0.124 0.000
Rweb_Field_P 0.221 0.198 0.186 0.099 0.000
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relatively high level of inbreeding among the tea 
genotypes within these populations, with FIS values 
of 0.312 and 0.344 respectively.

Population structure of tea genotypes at Rwebitaba 
TRC​

The population structure of the 376 tea genotypes 
as determined using Landscape and Ecological 

Fig. 1   Observed 
heterozygosity of individual 
tea genotypes from 
Rwebitaba TRC​

Fig. 2   Heterozygosities 
(observed and expected 
heterozygosity) and 
inbreeding coefficient of 
different tea populations at 
Rwebitaba TRC​
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Association Studies software (LEA) revealed eight 
ancestral populations based on the entropy criterion 
and Tracy-Widom distribution (Figure S1 and Figure 
S2). The number of ancestral populations was 
confirmed by Discriminant Analysis of Principal 
Components (DAPC), which revealed a total of eight 
clusters based on the lowest BIC values (Fig. 3). The 
revealed clusters had varied numbers of genotypes 
ranging from 10 to 151 genotypes. Cluster 7 had 
the highest number of genotypes (151) distributed 
in all the tested populations. A barplot based on the 
Q-ancestry matrix (Fig.  4) showed that three of the 
eight sub-population had a relatively high number of 
tea genotypes. All tea sub-populations were majorly 
admixed, except for a few genotypes within particular 
sub-population such as 246 (Ch-06) and 258 (Ch-07).

The clustering of tea genotypes based on DAPC 
showed a varying number of tea genotypes per 
cluster. Both China tea and purple tea genotypes 
formed unique clusters, cluster 3 and cluster 6 

Fig. 3   Number of clusters within the studied tea population 
as determined by Bayesian Information criterion (BIC). The 
lowest BIC value relates to the appropriate number of clusters 
within the population

Fig. 4   Structure of tea population at Rwebitaba TRC. The ancestry matrix shows eight sub-population with individuals with high 
admixture at different ancestry proportions

Table 4   Number of tea 
genotypes per cluster within 
the defined tea populations 
at Rwebitaba TRC​

Population 1 2 3 4 5 6 7 8

Genebank A 0 46 0 20 13 0 3 0
Genebank B 18 9 0 8 0 0 24 6
Rweb_Field_A 33 1 0 0 0 0 121 9
Rweb_Field_C 0 2 9 3 3 0 2 13
Rweb_Field_P 0 0 1 0 0 31 1 0
Total 51 58 10 31 16 31 151 28
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respectively, with cluster 6 comprising 93.9% of the 
evaluated purple tea genotypes (Table 4). These two 
clusters were distinct and did not cluster with any 
tea accession in either Genebank A or Genebank 
B. Cluster 1 comprised only tea genotypes from 
genebank B and Rweb_Field_A while cluster 5 
comprised tea genotypes from Genebank_A and 
Rweb_Field_C (China tea clones, characterized by 
small leaves and high shoot density). Clusters with 
tea genotypes from more than three populations 
include cluster 2, cluster 7, and cluster 8, showing 
the relatedness and contribution of tea genotypes in 
Genebank A and Genebank B to the development of 
tea genotypes in various experimental fields.

To visualize the distribution of these clusters, 
a DAPC plot was made, which confirmed the 
distinctness of both cluster 3 and cluster 6 (Fig.  5). 
Phylogenetic analysis using the Neighbour-joining 
method clustered all 31 purple tea genotypes (L1-
XX to L4-XX, yellow colour) for cluster 6 and the 
9 Chinary clones (Ch-03, Ch-01, UTR101, Ch-13, 
Ch-15, Ch-06, Ch-09, Ch-07 and Ch-14, Blue colour) 
for cluster 3 (Fig.  6), confirming the clustering 
obtained using DAPC analysis.

To estimate the amount of variation among the 
tested tea genotypes, a Principal Coordinate Analysis 
(PCOA) was conducted. Based on PCOA, the first 

two dimensions in the ordination explained only 
19.9% of the variation present in the data, with the 
first two principal coordinate accounting for 12.3% 
and 7.6% of the variance, respectively (Fig.  7). 
The pairwise genetic distances based on Prevosti’s 
absolute genetic distance were estimated at the 
individual level. Pairwise genetic distances among 
the studied tea genotypes ranged from 0.00 to 0.59. 
The highest pairwise genetic distances were mainly 
recorded among Chinary tea clones such as Ch-11, 
Ch-15, UTR101, GB_S54, GB_S61, Ch-06, Ch-04, 
Ch-27, Ch-19 and Ch-24. Other tea genotypes with 
high pairwise genetic distances include GB_C17, 
GB_C45, GB_C40, GB_C44, GB_C58, GB_C68 and 
GB_C82 from Genebank A and a few tea clones such 
as UTR108/66, UTR103/2, UTR115/46, UTR1/25, 
UTR30/18, UTR141/191, UTR6/95, UTR141/189 
and UTR1/14 from Rweb_Field_A (Table S2). These 
are potential genetic stocks for producing desirable 
genetic recombination and highly segregating tea 
populations for Uganda’s high-quality and high-
yielding tea genotypes.

Fig. 5   Discriminant 
analysis of principal 
components (DAPC) plot 
showing the distribution 
of different clusters of tea 
genotypes at Rwebitaba 
TRC​
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Fig. 6   Phylogenetic 
analysis based on 
Neighbour-joining methods 
showing genetic relatedness 
of different tea genotypes at 
Rwebitaba TRC. Different 
colours represent the 
different clusters that form 
the population structure 
of tea at Rwebitaba TRC. 
These include Cluster 1 
(magenta-pink), Cluster 2 
(green), Cluster 3 (blue, 
majorly china type with 
small leaves and high shoot 
density), Cluster 4 (lily 
white), Cluster 5 (dark 
gray, china type/hybrids 
with moderately sized 
leaves), Cluster 6 (yellow, 
purple tea genotypes with 
purple leaves and high 
anthocyanin level), Cluster 
7 (light violet, assam type) 
and Cluster 8 (Maverick, 
purplish)

Fig. 7   Principal Coordinate 
Analysis showing the 
amount of variation 
within the tea populations 
from Rwebitaba TRC. 
Populations of tea 
genotypes at Rwebitaba 
were distinguished by 
different colours. Genotypes 
in Genebank_A showed in 
bright orange, Genebank_B 
in gold, Rweb_Field_A in 
light red, Rweb_Field_C 
in Jordy blue, and Rweb_
Field_P magenta pink
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Functional diversity of tea genotypes at Rwebitaba 
TRC​

A total of 278 tea genotypes, mostly genebank 
accession were characterized based on the ratio of 
total theanine and total polyphenol to identify the best 
tea genotypes for black tea and green tea production. 
Analysis revealed a variation in both the amount of 
theanine and total polyphenol among the screened tea 
genotypes. The amount of theanine ranged from 1.57 
to 856.52 mg/ml while total polyphenol ranged from 
52.50 to 244.39 mg/g FW. Characterization based on 
the ratio of theanine to total polyphenol revealed only 
two tea genotypes with a ratio greater than 10, while 
90 tea genotypes had a ratio ranging from 5 to 10 and 
186 tea genotypes had a ratio lower than 5 (Table 5). 
Based on these ratios, two tea genotypes, GB_C20 
and GB_C21 are the best tea genotypes for green 
tea production while 186 tea genotypes are good 
for black tea production. The high number of tea 
genotypes characterized as black tea genotypes shows 
that previous breeding efforts focused on the selection 
of high-quality black tea genotypes. A total of 8 
tea genotypes with the lowest ratio among the 186 
black tea genotypes were selected as the best black 

tea genotypes. Among the 8 selected tea genotypes, 
three (UTR303/577, 31/8, and UTR6/8) are high-
quality black tea genotypes, currently used as the best 
commercial black tea genotypes in Uganda (Table 6).

In addition to the selection index (ratio of 
theanine to total polyphenol), other parameters such 
as the amount of theanine, polyphenol, catechins, 
caffeine, and rate of fermentation were considered. 
A total of 30 tea genotypes were selected from each 
category (low selection index with high catechin 
content for black tea and high selection index with 
high theanine content for green tea) and clustered 
using hierarchical cluster analysis to form a cluster 
dendrogram (Fig.  8). The cluster dendrogram 
revealed two major clusters which, majorly show the 
best tea genotypes for black and green tea production. 
A high number of tea genotypes clustered as black 
tea are tea genotypes from Rweb_Field_A while 
many genotypes characterized as green tea genotypes 
are from Genebank A (Fig.  8). Among the tea 
genotypes clustered as black tea, four Genebank_B 
accessions GB_S01, GB_S03, GB_S04 and GB_S06 
outperformed all the selected black tea genotypes, 
therefore can be selected as genetic stocks or 
candidate tea clones for multi-location evaluation 
and release as high-quality black tea genotypes. 
These results show that breeding efforts at Rwebitaba 
TRC majorly focused on the selection of black tea 
genotypes while the green tea accessions in Genebank 
A have not yet been exploited.

Table 5   Number of tea clones per functional category

Ratio Number of tea genotypes Category

> 10 2 Green tea
5–10 90 Both green 

and black 
tea

< 5 186 Black tea

Table 6   Tea genotypes 
selected per functional 
category

Category List of selected tea genotypes

Green tea GB_C20, GB_C21
Dual 

purpose 
but best 
for green 
tea

GB_C22, GB_S35, GB_S30, GB_C23, GB_C26, UTR141/183, GB_C19

Dual 
purpose 
but best 
for black 
tea

UTR104/85, GB_S61, GB_S60, GB_S37, UTR12/12, GB_S18, GB_S44, UTR1/44

Black tea UTR141/192, UTR144/3, UTR141/4, UTR6/8, UTR303/577, UTR31/8, 
UTR144/13, UTR31/11
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Discussion

Understanding the genetic diversity of germplasm 
is critical for the proper utilization and conservation 
of germplasm (Fang et  al. 2014; Lopes et  al. 2015). 
This study was initiated to genetically characterize 
tea germplasm at Rwebitaba Tea Research Centre. 
As one of the sub-stations of TRIEA, many breeding 
activities such as the introduction of tea genotypes, 
evaluation, and selection (Seurei 1997), were carried 
out until the late 1970s, leaving a large resource of 
uncharacterized germplasm. In order to utilize this 
genetic resource for tea improvement in Uganda, 
DArTseq SNP markers were used to assess genetic 
diversity, population structure, and hierarchical 
clustering of 376 tea genotypes. Results from this 
study revealed that the generated SNP markers were 
highly reproducible and moderately informative based 
on the polymorphic information content (Botstein 
et al. 1980). We used only SNP markers in this study 
because dominant markers such as SilicoDArT add 
little information to population studies (Gapare 
et al. 2021). The overall genetic diversity (0.15) and 
population differentiation (GST, 0.18) of tea genotypes 
at RTRC was low, consistent with the RAPD and 
ISSR analysis of the Kenyan tea cultivars (Wachira 

et al. 2001; Yao et al. 2008). In addition, the Analysis 
of Molecular Variance also confirmed that the highest 
variation (88.94%) was within populations than 
between populations (11.06%), showing the impact 
of directional selection and focus on particular traits 
during tea breeding in the East African region.

Tea breeding efforts in East Africa have focused 
on the generation of high-quality and high-yielding 
tea genotypes for black tea processing. As a result, 
the characterization of tea genotypes at Rwebitaba 
TRC revealed that many tea genotypes were 
black tea genotypes (Table  6). In addition, most 
tea genotypes characterized as the best black tea 
genotypes (UTRXXX) as revealed in Fig. 8 belonged 
to Rweb_Field A, while a majority of the green tea 
genotypes belonged to Genebank A. These insights 
show that limited work has been done in the breeding 
or selection of green tea genotypes for specialty 
tea production. In the early stages of tea breeding 
in TRIEA, crosses were majorly done using C. 
assamica tea clone 6/8 as a parent (Seurei 1996). In 
this study, this clone has been characterized as a high-
quality black tea clone (Table  6) and clustered with 
Genebank A genotypes (GB_CXX, Fig. 6), showing 
that the majority of the tea genotypes in Genebank 
A belong to C. assamica group. Another commercial 

Fig. 8    Functional clustering of tea genotypes based the 
five parameters; amount of theanine,polyphenol, catechins, 
caffeine, and rate of fermentation. Based on these parameters, 

theselected tea genotypes were clusters into two functional 
categories, high quality black or high quality green tea
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tea variety, UTR 303/577 clustered with Chinary tea 
genotypes such as Ch-02, Ch-31, Ch-18 and Ch-04 
showing that it is a chinary tea genotype. However, 
the morphological characteristics of UTR303/577 are 
different from the typical China tea clone UTR101, 
which has small leaves and high shoot density. 
Therefore, it can be concluded that UTR303/577 
is a hybrid, belonging to a unique cluster distinct 
to that of china tea UTR101. On the other hand, 
purple clone L1-00 clustered with china tea clone 
UTR101, away from other purple genotypes (LX-XX, 
yellow cluster, Fig.  6) showing that it could also be 
a hybrid combining the attributes of china tea and 
high anthocyanin level making it a good tea clone for 
production of nutraceuticals or healthy products. The 
other purple tea genotypes (LX-XX) formed a unique 
cluster suggesting that (i) they have a common origin 
and (ii) they have not been exploited as parents in tea 
breeding in Uganda.

Structure analysis using both DAPC and LEA 
revealed eight populations, with high levels of 
genetic admixture. Earlier studies of Kenya tea 
germplasm using nuclear microsatellites revealed 
three population conforming to the tea taxon affinity; 
Assam tea (Camellia sinensis var assamica), China 
tea (Camellia sinensis var sinensis), and Cambod tea 
(Camellia assamica subsp lasiocalyx) (Wambulwa 
et  al. 2016). Our study did not conform to this 
taxon affinity. This could be due to the differences 
in the markers used in assessing the population 
structure. Recently, another study conducted using 
genome−wide markers (DArTseq) revealed five 
populations, which combined tea type (Cambod and 
China type) and origin of tea genotypes (TRFCA or 
Tea Research Institute) (Malebe et  al. 2019). The 
eight populations revealed in this study may (i) relate 
to the multiple origins of East Africa’s tea breeding 
stocks; China, Japan, India and other locations 
(Wambulwa et al. 2016), and (ii) hybrid nature of tea 
genotypes arising from crossing different tea types 
contributing to the high genetic admixture within the 
studied tea germplasm (Yang et al. 2016).

The field layout of tea trials at RTRC shows 
the history of tea improvement activities that were 
conducted at the station. Tea genotypes distributed 
within the experimental field (Rweb_Field A) had the 
highest genetic diversity based on both the Shannon-
wiener index and Stoddard and Taylor index. The 
highest number of tea genotypes in Rweb_Field 

A belonged to cluster 7 and cluster 1, with high 
association or relatedness to tea genotypes in 
Genebank B and limited association or relatedness to 
tea genotypes in Genebank A (Table 4). These results 
show that tea genotypes in Genebank A may not be 
the progenitors of tea genotypes in experimental fields 
(Rweb_Field A). This also means that tea genotypes 
in the experimental field were most probably 
introduced as seeds in different families, evaluated 
and a few selected tea genotypes were planted in the 
ex-situ genebank section B (Genebank B). Similarly, 
Wachira et  al. (1995) reported that Kenyan tea 
introductions were based on the progeny from crosses 
undertaken in one region (Assam). Furthermore, 
phylogenetic analysis (Fig.  6, light violet cluster) 
clustered Rweb_Field A genotypes (UTRXXX) 
more with Genebank B genotypes (GB_SXXX) 
than Genebank A genotypes (GB_CXXX). These 
results show that tea improvement at Rwebitaba TRC 
between 1960 and late 1970s concentrated more on 
introduction and evaluation and less on controlled 
hybridization.

To investigate this, we used both index of 
association (la) and standardized index of association 
(rbarD) (Table 1) to estimate the mode of reproduction 
and linkage equilibrium. Only Genebank A had non-
significant values of observed rbarD showing that no 
linkage exists within this population, confirming that 
tea genotypes within Genebank A were introduced 
and established as clones. The high value of the 
index of association of genotypes within Genebank A 
shows a very low recombination rate, confirming that 
limited hybridization has been conducted to generate 
Genebank A tea genotypes. These results show that 
the tea genotypes in the ex-situ genebank have not 
yet been fully utilized or exploited. Other populations 
with low rate of recombination include Rweb_Field P 
and Rweb_Field C, comprising of Chinary and purple 
tea genotypes and forming distinct clusters (cluster 3 
and 6 respectively, Table 4). The low recombination 
among these populations contributes to the low 
genetic diversity observed at Rwebitaba TRC. In 
addition, the low genetic diversity could be attributed 
to a high rate of clonal propagation. Balloux 
et  al. (2003) reported that the high rate of clonal 
propagation, especially in vegetatively propagated 
crops increases heterozygosity and variation within 
a population while reducing genetic diversity and 
genetic differentiation among populations. Therefore, 
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the low genetic diversity in Ugandan tea germplasm 
necessitates deliberate efforts towards broadening 
the Ugandan tea germplasm base by collecting and 
conserving new tea individuals and/or hybridization 
for successful future breeding initiatives of tea in 
Uganda.

Furthermore, the closer the observed 
heterozygosity to the expected heterozygosity, 
the higher the genetic diversity of the population 
(Hansson and Westerberg 2002; Slate et  al. 2004). 
This was observed in two populations (Rweb_Field 
A and Rweb_Field P, Fig.  2) showing that tea 
germplasm within these populations had relatively 
high genetic richness. In addition, Rweb_Field P 
and Rweb_Field C had high levels of observed 
heterozygosity, genetic differentiation (FST) and 
genetic distance (Table  5). The uniqueness of these 
genotypes show that they have unique alleles that 
(i) can be exploited in controlled hybridization 
program for heterosis and (ii) can contribute to the 
diversification of tea products (green tea, purple tea 
and other health products).

Conclusion

Based on these results, the amount of genetic diversity 
within the tea germplasm at Rwebitaba TRC is low. 
The variation within the existing populations such as 
Genebank A, Rweb_Field_P and Rweb_Field_C has 
not been well exploited. The presence of genetically 
diverse tea genotypes especially the China tea type 
offers an opportunity to produce highly segregating 
progenies with high heterosis and desirable gene 
recombination. This, in addition to the introduction of 
new tea genotypes, will maximize genetic diversity, 
and increase breeding efficiency and genetic gain 
for increased productivity and profitability from tea 
production.
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