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Abstract. The tea plant Camellia sinensis is an economically important species
worldwide, especially in Asia. C. sinensis var. assamica is one of the four varieties
of C. sinensis, and the tea from C. sinensis var. assamica has a high economic
value. Several phylogenetic studies on Camellia were conducted, however, the
phylogenetic studies to investigate the relationship of C. sinensis var. assamica
from Vietnam are limited. ldentifying the phylogenetic position and genetic
relationship of C. sinensis var. assamica from Vietnam is significant in providing
essential information for taxonomic study and economic resources. The present
study, based on the molecular data of four DNA regions supported the monophyly
of C. sinensis. The Camellia sinensis var. assamica from Vietnam formed a clade
together, but it is far from Camellia sinensis var. assamica from India and China.
The results support the evolution in the genetics of C. sinensis var. assamica
between regions, however, the current genetic variations do not influence
classification yet. C. sinensis has been grown in several regions in Asia, however,
the conservation of native populations of Camellia sinensis var. assamica is
necessary and should be carried out for sustainable development.
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1. Introduction

Camellia L. (Theaceae) including about 200 species is evergreen shrubs or trees
that are native to East, South, and Southeast Asia. The species of Camellia are
economically important ornamental flowers, edible oil sources, and tea plants [1].
Today, several Camellia species are cultivated and produced all over the world.
According to the Food and Agriculture Organization of the United Nations statistics
(www.fao.org/faostat/), tea production has expanded by 66% in terms of area, reaching
5.3 million tons on 3.5 million hectares across 50 tea-growing nations in the last decade.

Camellia sinensis, tea, was first recorded and used by the Chinese more than two

millennia ago, and it has become one of the most popular beverage sources in the world
now [2].
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Camellia sinensis is also cultivated in several countries in Asia including Vietnam.
The species consists of four varieties C. sinensis var. sinensis, C. sinensis var.
pubilimba, C. sinensis var. assamica, C. sinensis var. dehungensis. Among the four
varieties, the tea from C. sinensis var. assamica has the highest economic value. C.
sinensis var. assamica is an evergreen shrub or tree that adapted to altitudes from 1500 m
(Figure 1).

Figure 1. Morphology of Camellia sinensis var. assamica from Vietnam. A: Branch
with flower, B: Flower, C: Branch with bud and young leaf in dry

Several phylogenetic studies on Camellia were conducted [3-6] based on molecular
data. Vijayan et al. [3] investigated paralogous ITS (internal transcribed spacer region of
18S-26S nuclear ribosomal DNA) fragments of 112 species of Camellia. Eight major
clades were determined within Camellia. The study only supported the monophyly of
sects. Thea and Furfuracea. However, the sample of Camellia sinensis is limited to only
two individuals. Furthermore, the study used the synonym name Camellia assamica
instead of the accepted name C. sinensis var. assamica. Thus, the question of the
relationship between varieties of C. sinensis remains.

The phylogenetics and biogeography of Theaceae were performed by Li et al. [4],
the study used multiple plastid genes from 27 species of Theaceae representing all
genera except Laplacea. The results clarified the relationship of Theaceae with three
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tribes in the family. The evolution of Theaceae also was discussed. Unfortunately, the
limitation of the Camellia sample was not a support to clarify the relationship within
Camellia. Similarly, the phylogenomic study by Cheng et al. [5] did not focus on the
relationship of C. sinensis.

Zhao et al. [6] reconstructed a robust phylogenetic tree of Camellia. The results of
the study supporting the monophyly of Camellia with ten clades were recognized with
the genus, and some taxonomic treatments provided were based on the phylogenetic
results. Additionally, the historical biogeography of Camellia was investigated, and the
crown age of Camellia was estimated at 39.5 Ma. However, the study did not discuss
about Camellia sinensis and its varieties.

Camellia sinensis var. assamica recorded is distributed in SE Asia and some areas
of Vietnam such as Ha Giang, Yen Bai, Nghe An, and Son La. ldentifying the
phylogenetic position and genetic relationship of Camellia sinensis var. assamica from
Vietnam is significant, as it can provide essential information for taxonomic study and
economic resources. Thus, the present study aims to (1) reconstruct the phylogeny of
the genus Camellia sinensis and its allies based on molecular data; and (2) clarify the
phylogenetic relationship of Camellia sinensis var. assamica from Vietnam.

2. Content
2.1. Materials and methods

2.1.1. Taxon sampling, DNA extraction, amplification, sequencing

We collected the five Camellia sinensis var. assamica individuals from Ha Giang
and Son La provinces, Vietnam. Three of the four varieties of Camellia sinensis were
sampled. Additionally, we assembled molecular data from NCBI of 16 individuals of
Camellia sinensis and its allies to reconstruct the phylogenetic trees of Camellia
sinensis var. assamica based on the data including a total of 28 samples (Table 1). Four
molecular makers were used in this study including ITS, rbcL, matK, and trnL-F (Table 1).
Three species of Polyspora (P. hainanensis, P. longicarpa, P. specioca) were selected
as outgroups.

Table 1. Source information and GenBank accession numbers for DNA sequences
generated or used in this study. “-” indicates missing data, and “XXX” represents
sequences newly generated in this study

Species Source rbcL trnL-trnF matK ITS
Camellia China MW119914 | MW120242 | MW119750 -
fangchengensis
Camellia China MW119925 | MW120253 | MW119761 | MH270492
gymnogyna
Camellia China MW119937 | MW120265 | MW119773 | FJ432106
kwangsiensis
Camellia China AF380037 AY943277 | AF380077 | AF315492
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The genomic DNA of Camellia sinensis var. assamica was extracted from silica
gel-dried tissues using the CTAB procedure [7]. Polymerase chain reactions and
sequencing were performed using the primers designed by Vijayan et al. [3], Le et al. [8],
and Taberlet et al. [9]. The primers used for conducting PCR and sequencing are
presented in Table 2.

The PCR amplification reactions used MasterMix of the BioMed company. The
PCR program consisted of 5 min at 95 °C, 37 cycles of 30 s at 95 °C, 50 s at 52 °C, and
1 min 30 s at 72 °C, with a final extension of 10 min at 72 °C.

PCR products were purified on 1.0 % agarose gels. The PCR products were
purified using BioMed multifunctional DNA fragment purification recovery kits and
sequenced using the amplification primers. The bidirectional sequencing was completed
using the ABI 3730 DNA Sequencer (Applied Biosystems, Carlsbad, California, USA).
The sequences were aligned in Geneious v.8.0.5 [10].
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Table 2. Primers used for PCR and sequencing in this study

Locus Primer Sequence 5°-3’
matK F56 CCTATCCATCTGGAAATCTTAG
R1326 GTTCTAGCACAAGAAAGTCG
rbcL 1F ATGTCACCACAAACAGARAC
889R CTATCAATAACTGCATGCAT
trnL-F C CGAAATCGGTAGACGCTACG
F ATTTGAACTGGTGACACGAG
ITS ITl-F AGTCGTAACAAGGTTTCC
IT2-R GTAAGTTTCTTCTCCTCC

2.1.2. Phylogenetic analyses

The phylogenetic analyses of Camellia sinensis were carried out by using both the
maximum likelihood (ML) and Bayesian inference (BI). The ML analysis was
performed using the program RAXML 8.2.10 [11, 12] with the best-fitting model for
each molecular marker and the combined dataset at the Cyber Infrastructure for
Phylogenetic Research (CIPRES; www.phylo.org). ML bootstrap analysis was
implemented with 1000 replicates. Bayesian inference was conducted in MrBayses
3.1.2 [13]. The best-fitting models for each marker and the combined data set were
determined by the Akaike Information Criterion (AIC) as implemented in jModelTest
2.1.6 [14]. Bayesian analysis of the combined data set used the GTR + | + G model as
determined in jModelTest. The MCMC algorithm was run for 5,000,000 generations
with four Markov chain Monte Carlo (MCMC) and trees were sampled every 1000
generations. The effective sample size (ESS) for all pertinent parameters was checked
using the tool Tracer 1.6 [15], which indicated that stationarity had likely been attained
(>200). With the first 25% of sampled generations (2500 trees) discarded as burn-in, a
50% majority-rule consensus tree and posterior probabilities (PP) were obtained using
the remaining trees.

2.2. Results and discussion

The study generated 20 new sequences of Camellia sinensis var. assamica. The
lengths of individual data sets of ITS, rbcL, matK, and trnL-F are 805, 1254, 740, and
1003 bps, respectively. The combined dataset included 3802 aligned ingroup and
outgroup positions (Figure 2).

EATTEECAC TAATTEE C EARBETC A CRTEEATET G AK G AN CEAG G ¢ CEECEG G FAGET C BB G AATE R TR TATL G G IATAT ¢ CARAAST G ECIC CABEGATCCABDTATBTACE
.|

Figure 2. A section of the combined molecular dataset from four DNA regions
(ITS, rbcL, matK, and trnL-F) of Camellia
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The results from ML and Bl trees were highly congruent, the few differences had
low solutions. Thus, we combined the results in the ML tree with BS and PP values.
The phylogenetic relationship within Camellia is presented in Figure 3.

Our molecular results well supported the monophyly of Camellia, the major clades
in the phylogenetic tree are well solution. C. fangchengensis was supported as a sister to
the remaining members. While C. gymnogyna and C. tachangensis formed a clade. The
three varieties of Camellia sinensis were formed together in a clade (Figure 3). The
Camellia sinensis var. assamica from Vietnam is placed together and closely relative to
C. sinensis from India (Figure 3). Whereas, Camellia sinensis var. assamica from India
and China were placed together but with low support. The position of Camellia sinensis
var. dehungensis likely unstable, but it seems closely related to taxa from China. In
addition, Camellia sinensis var. sinensis weakly formed a clade.

The individuals of Camellia sinensis var. assamica from Ha Giang and Son La
provinces, Vietnam placed together suggesting the genetic conservatism of the Camellia
sinensis var. assamica event they have a large distribution distance (Figures 2, 3).
However, Camellia sinensis var. assamica from Vietnam placed far from individuals
from India and China. These results support the evolution in the genetics of C. sinensis
var. assamica between regions, however, the current genetic variations have not
influenced classification yet. Camellia sinensis var. dehungensis is an endemic taxon in
Yunnan, China, the molecular data did not resolve the position of this lineage. However,
it seems closely related to its allies from China.
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Figure 3. Maximum likelihood tree showing the phylogenetic relationship
of Camellia. Nodal support is given above the branches

as ML bootstrap values/Bayesian posterior probabilities
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The phylogenetic relationship within C. sinensis is quite clear with the placement of
the three varieties. In morphology, Camellia sinensis var. assamica was characterized
by the leaf blade abaxially densely spreading villous, especially in the bud and young
leaf (Figure 1) [16, 17]. This variety is distributed in evergreen broad-leaved forests at
altitudes of 1500-1900 m where the remaining three varieties of C. sinensis rarely
occur [16]. In general, the varieties of Camellia sinensis are highly conserved in both
morphology and genetics.

All four varieties of C. sinensis were used as a tea for thousands of years in Asia.
The tea from C. sinensis var. sinensis is likely more popular, while C. sinensis var.
assamica is exploited and processed into tea products with higher economic value.
Although C. sinensis has been grown in several regions in Asia, however, the
conservation of native populations of Camellia sinensis var. assamica is necessary and
should be carried out for sustainable development.

3. Conclusions

The study based on the molecular data of comprehensive taxon sampling supported
the relationship of Camellia sinensis. The genetic relationship within C. sinensis is quite
clear with the placement of the three varieties. The individuals of C. sinensis var.
assamica from Vietnam are placed together which suggests the genetic conservatism of
the Camellia sinensis var. assamica even though they have a large distribution distance.
However, Camellia sinensis var. assamica from Vietnam placed far from individuals
from India and China. These results support the evolution in the genetics of C. sinensis
var. assamica between regions, however, the current genetic variations have not
influenced classification yet. The conservation of native populations of Camellia
sinensis var. assamica is necessary even though it has been grown in several regions in Asia.
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