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ABSTRACT

Shan tea (Camellia sinensis var. Shan), a variety native to the mountainous regions, used to prepare ‘Che Shan Tuyet’- a
high quality standard tea product with cultural significance, is considered the most precious tea in Vietnam. However, little
is known about its genetic diversity, composition, and variation in biochemical content across the central growing regions
until now. Here, the use of 30 pairs of SSR primers selected based on their proven high utility in previous studies in tea with
high polymorphisms showed that the Shan tea population exhibit rich genetic diversity, with gene diversity (H) varying
from 0.47 to 0.82 and the polymorphic information content (PIC) ranging from 0.47 to 0.84. The cluster (UPGMA-based)
analysis showed that 60 Shan tea accessions can be categorized into three groups with different origins. Biochemical
profiles including tannin and catechins were observed to have high variation by harvest season of which the highest content
was recorded during summer. Though the variation in biochemical profiles was not considerably significant among the
three groups of origin, accessions from Suoi Giang (Yen Bai) significantly had lower content of tannin, EC, ECG, and
EGC compared to Shan tea in Cao Bo (Ha Giang). In addition, morphology-based PCA also showed that it is practical to
discriminate three groups of different origins, with the essential traits being leaf blade width, pericarp thickness, leaf area
(PC1), fruit length, and fine pluck weight (PC2). The clustering of 60 Shan accessions based on morphological traits also
showed consistent results with the genetic diversity analysis conducted using SSR, where accessions from Suoi Giang and
Cao Bo had higher similarity levels than accessions from Tua Chua.
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ABSTRAK

Teh Shan (Camellia sinensis var. Shan), varieti asal di kawasan pergunungan, digunakan untuk menyediakan ‘Che Shan
Tuyet’ - produk teh berkualiti tinggi dengan kepentingan budaya, dianggap sebagai teh paling berharga di Vietnam. Walau
bagaimanapun, sedikit yang diketahui tentang kepelbagaian genetiknya, komposisi dan variasi kandungan biokimia
di seluruh rantau kawasan tengah berkembang sehingga kini. Di sini, penggunaan 30 pasang primer SSR yang dipilih
berdasarkan utiliti tinggi yang terbukti dalam kajian teh terdahulu dengan polimorfisme tinggi menunjukkan bahawa
populasi teh Shan menunjukkan kepelbagaian genetik yang kaya dengan kepelbagaian gen (H) berbeza dari 0.47 hingga
0.82 dan kandungan maklumat polimorfik (PIC) antara 0.47 hingga 0.84. Analisis kelompok (berasaskan UPGMA)
menunjukkan bahawa 60 aksesi teh Shan boleh dikategorikan kepada tiga kumpulan dengan asal usul yang berbeza. Profil
biokimia termasuk tanin dan katekin diperhatikan mempunyai variasi yang tinggi mengikut musim menuai yang mana
kandungan tertinggi direkodkan semasa musim panas. Walaupun variasi dalam profil biokimia tidak begitu ketara dalam
kalangan tiga kumpulan asal, aksesi daripada Suoi Giang (Yen Bai) secara signifikan mempunyai kandungan tanin, EC,
ECG dan EGC yang lebih rendah berbanding teh Shan di Cao Bo (Ha Giang). Di samping itu, PCA berasaskan morfologi
juga menunjukkan bahawa adalah praktikal untuk mendiskriminasi tiga kumpulan asal yang berbeza, dengan ciri penting
ialah lebar helai daun, ketebalan perikarpa, luas daun (PC1), panjang buah dan petik halus berat (PC2). Pengelompokan
60 aksesi Shan berdasarkan ciri morfologi juga menunjukkan hasil yang tekal dengan analisis kepelbagaian genetik yang
dijalankan menggunakan SSR, dengan aksesi daripada Suoi Giang dan Cao Bo mempunyai tahap persamaan yang lebih
tinggi daripada aksesi daripada Tua Chua.

Kata kunci: Germplasma Teh Shan; kepelbagaian genetik; morfologi; penanda SSR; profil biokimia
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INTRODUCTION

Tea, a widely consumed beverage known for its cultural
importance and health advantages (Wambulwa et al. 2021)
brings significant revenue to tea-producing countries
including Vietnam. Tea genetic resources served as the
background for tea breeding and quality improvement.
Tea germplasm has been collected and conserved globally,
including in major tea-growing countries like China,
Japan, India, and Kenya (Chen & Yamaguchi 2002; Takeda
2000). As a self-incompatible and cross-fertilized plant, tea
displays significant heterogeneity, resulting in extensive
genetic variation and diverse phenotypic traits. Additionally,
eco-geographical variances may contribute to the variation
in morphological and agronomic characteristics of the tea
plant. Hence, it becomes crucial and imperative to evaluate
genetic diversities and establish unique fingerprints for tea
plants while collecting gerplasm resources and selecting
parental types for cross-breeding (Ma et al. 2010).

To date, the diversity of tea germplasm has been
assessed using morphological markers (Clarke, Richter &
Rathinasabapathi 2023; Pandolfi et al. 2009; Phong et al.
2016; Vo 2006). Also, thanks to the fast development of
molecular tools, various markers have been used in plants
including SSR, ISSR, RFLD, and AFLP (Nadeem et al.
2018). Among these, SSR markers are highly suitable for
many applications in plant research as they provide high
reproducibility with comprehensive genome coverage (Le
et al. 2023; Powell, Machray & Provan 1996). In tea, SSR
markers have been applied for the assessment of genetic
relationships and population structure (Guo et al. 2021;
Zhao et al. 2022), variety identification (Wang et al. 2016),
genome-wide association and functional mapping (Parmar,
Seth & Sharma 2022). Interestingly, besides morphology
and molecular-based approaches, assessment of tea
germplasm diversity was also achieved using biochemical
profiles such as catechins and polyphenols (Deka et al.
2021; Kottawa-Arachchi, Gunasekare & Ranatunga 2019;
Saravanan et al. 2005).

Apart from being the leading tea producer in the
world, Vietnam is well known for its diverse tea culture,
and tea is considered an integral part of daily life for many
Vietnamese people (Vo 2007). The country has various
tea-growing regions, each characterized by unique climate,
soil, and altitude characteristics, contributing to a wide
variety of tea germplasm. Shan tea (Camellia sinensis var.
Shan), used to prepare a particular tea product — ‘Che Shan
Tuyet’, known for its high-quality standard, and cultural
significance (Nguyen et al. 2022), is considered the most
precious tea in Vietnam. Shan tea is mainly cultivated
and distributed in mountainous regions, particularly in Ha
Giang, Yen Bai, and Dien Bien, which have high elevation
(1200-2000 m above sea level). Currently, there are
hundreds of ancient Shan tea trees with the age of centuries
recognized as national heritage trees, being conserved
and managed by local ethnic minority groups. Some were
documented to be up to 300 years old with a trunk diameter

of 0.8 to 1.2m; plant height ranges from 4 to 15 m. The
Shan tea germplasms have become a primary source of
income and significantly improved the livelihoods of the
local people.

Previous studies have reported the genetic diversity of
tea resources in Vietnam. Vo (2007) used 65 ISSR markers
to assess 69 accessions, including local, wild, selected, and
imported teas and noted the large genetic variance with a
similarity coefficient range from 0.13 to 0.95. Phong et al.
(2016) accessed a 15-tea accession population, including
imported resources from China and India, hybrids, and
improved cultivars, using 6 iPBS markers. They found
a moderate range from 0.52 to 0.87 in the similarity
coefficient. Despite its well-recognized importance and
widespread cultivation, research on Shan tea in Vietnam
is limited. Until now, there has been no assessment of the
genetic diversity of Shan tea either by using morphology
or molecular markers. Also, little is known about the
composition and variation in the bio-chemical content of
Shan tea across the central growing regions in Vietnam,
except in the study of Nguyen et al. (2022) where the
authors only confirmed the unique biochemical profile
of Shan tea compared with that in Chinese tea (Camellia
sinensis var. Sinensis). Here, we aim to explore the genetic
diversity of Shan tea accessions grown in the mountainous
areas of Vietnam using SSR markers and morphological
characteristics. Also, the bio-chemical content in the leaf
including tannin and catechin content, was evaluated to
understand the distinctive characteristics of Shan tea across
central growing regions.

MATERIALS AND METHODS

PLANT MATERIALS

We collected 60 accessions of Shan tea in 3 mountainous
regions in the north of Vietnam, namely (i) Suoi Giang —
Yen Bai province, (ii) Tua Chua — Dien Bien province, (iii)
Cao Bo— Ha Giang province (S. Figure 1). The description
of the Shan tea germplasm used in this study is given in
Table 1. For each tea sample, 10 g of fresh leaf tissue (the
youngest fully leaf was chosen) was sampled, frozen with
liquid nitrogen, and stored at a low temperature (-70 °C)
for future use. For total DNA extraction, the CTAB method
was employed following instructions given by Doyle and
Doyle (1987).

SSR AMPLIFICATION AND DATA ANALYSIS

Thirty pairs of SSR primers (listed in Table 2, and
Supplementary Table S2) were selected to evaluate the
genetic relationship between 60 Shan tea accessions, based
on their proven high utility in previous studies in tea with
high polymorphisms (Bali et al. 2013; Freeman et al. 2004;
Sharma et al. 2009; Taniguchi et al. 2012; Tan et al. 2013).
PCR was used to amplify total DNA using 10 pL reaction
mixtures containing 50 ng of template DNA and 10X PCR



TABLE 1. Name, type, and origin of Shan tea germplasm used in this study

Accession code Name Type Origin

T1 TC-BB1 Landrace Tua Chua, Dien Bien
T2 TC-bB 2 Landrace Tua Chua, Dien Bien
T3 TC-bB 3 Landrace Tua Chua, Dien Bien
T4 TC-DB 4 Landrace Tua Chua, Dien Bien
T5 TC-bB 5 Landrace Tua Chua, Dien Bien
T6 TC-bB 6 Landrace Tua Chua, Dien Bien
T7 TC-bB7 Landrace Tua Chua, Dien Bien
T8 TC-bB 8 Landrace Tua Chua, Dien Bien
T9 TC-bB 9 Landrace Tua Chua, Dien Bien
T10 TC-bB 10 Landrace Tua Chua, Dien Bien
T11 TC-bB 11 Landrace Tua Chua, Dien Bien
T12 TC-BB 12 Landrace Tua Chua, Dien Bien
T13 TC-bB 13 Landrace Tua Chua, Dien Bien
T14 TC-bB 14 Landrace Tua Chua, Dien Bien
T15 TC-bB 15 Landrace Tua Chua, Dien Bien
T16 TC-bB 16 Landrace Tua Chua, Dien Bien
T17 TC-BB 17 Landrace Tua Chua, Dien Bien
T18 TC-bB 18 Landrace Tua Chua, Dien Bien
T19 TC-bB 19 Landrace Tua Chua, Dien Bien
T20 TC-bB 20 Landrace Tua Chua, Dien Bien
T21 SG-YB 1 Landrace Suoi Giang, Yen Bai
T22 SG-YB 2 Landrace Suoi Giang, Yen Bai
T23 SG-YB 3 Landrace Suoi Giang, Yen Bai
T24 SG-YB 4 Landrace Suoi Giang, Yen Bai
T25 SG-YB 5 Landrace Suoi Giang, Yen Bai
T26 SG-YB 6 Landrace Suoi Giang, Yen Bai
T27 SG-YB 7 Landrace Suoi Giang, Yen Bai
T28 SG-YB 8 Landrace Suoi Giang, Yen Bai
T29 SG-YB 9 Landrace Suoi Giang, Yen Bai
T30 SG-YB 10 Landrace Suoi Giang, Yen Bai
T31 SG-YB 11 Landrace Suoi Giang, Yen Bai
T32 SG-YB 12 Landrace Suoi Giang, Yen Bai
T33 SG-YB 13 Landrace Suoi Giang, Yen Bai
T34 SG-YB 14 Landrace Suoi Giang, Yen Bai
T35 SG-YB 15 Landrace Suoi Giang, Yen Bai
T36 SG-YB 16 Landrace Suoi Giang, Yen Bai
T37 SG-YB 17 Landrace Suoi Giang, Yen Bai
T38 SG-YB 18 Landrace Suoi Giang, Yen Bai
T39 SG-YB 19 Landrace Suoi Giang, Yen Bai
T40 SG-YB 20 Landrace Suoi Giang, Yen Bai
T41 CB-HG 1 Landrace Cao Bo, Ha Giang
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T42 CB-HG 2
T43 CB-HG 3
T44 CB-HG 4
T45 CB-HG 5
T46 CB-HG 6
T47 CB-HG 7
T48 CB-HG 8
T49 CB-HG 9
T50 CB-HG 10
T51 CB-HG 11
T52 CB-HG 12
T53 CB-HG 13
T54 CB-HG 14
T55 CB-HG 15
T56 CB-HG 16
T57 CB-HG 17
T58 CB-HG 18
T59 CB-HG 19
T60 CB-HG 20

Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang
Landrace Cao Bo, Ha Giang

buffer (purchased from Thermo Fisher Scientific). The PCR
procedures started with an initial denaturation step for 5
min at 95 °C, followed by 35 cycles at 94 °C for 45 s, 1 min
at 52 °C and 10 min at 72 °C for the final extension. PCR
products were then separated on an 8% polyacrylamide
gel, visualized under ultraviolet light, and manaully scored
for “1° with the presence of the polymorphic band or 0’ for
its absence. Power Marker V3.25 software (Liu & Muse
2005) was employed for the estimation of the following
parameters: (i) a total number of alleles (N ), (ii) genotype
(N,), (iii) observed heterozygosity (Ho), (iv) gene diversity
(H), (v) polymorphism information content (PIC). Jaccard
similarity coefficients were calculated and the clustering
analysis of 60 Shan tea accessions was done following
the unweighted pair group method of arithmetic mean
(UPGMA) via the NTSYS-PC ver.2.10 software (Rohlf
2000).

QUANTIFICATION OF TANNIN AND CATECHIN CONTENT
IN LEAF

For each Shan tea accession, the youngest fully developed
leaves from 5 plants, counted as one replicate were carefully
selected, dried in 72 h until unchanged mass, and used
for biochemical profile analysis. The total tannin content
in tea leaves was quantified using the Folin-Ciocalteu
reagent by the GB/T8313-2008 standard (Chinese National
Standard 2008). Briefly, the total tannin was extracted by
70% methanol aqueous solution in a 70 °C water bath,

and then the —OH group in tannin was oxidized by Folin—
Ciocalteu reagent, the maximum absorption wavelength
was 765 nm, and the total tannin content was quantified
by gallic acid (GA) as calibration standard as described by
Huang et al. (2022).

The contents of catechins in the leaf were measured
by high-performance liquid chromatography (HPLC),
following the same standard as described by Zhang et al.
(2022). Briefly, the catechins, including EGC, EC, GC,
EGCG, and ECG in tea leaves samples were ground and
extracted in a 70% methanol aqueous solution at 70 °C (in
a water bath) and then detected with a wavelength of 278
nm. Two mobile phases were employed: A (containing 9%
acetonitrile, 2% acetic acid with 124 10 mg/mL EDTA) and
B (with 80% acetonitrile, 2% acetic acid with 10 mg/mL
EDTA). The gradient elution program was as follows: A:
B (100% in A:0% in B) for 10 min, followed by A: B =
(68% in A:32% in B) for 15 min, and A: B (100% in A:0%
in B) for another 10 min. Pure chemicals, including EGCG,
ECG, EGC, GC, and GCG, were purchased from Sigma
(USA) and used as standards. All measurements were made
with three replications.

PHENOTYPIC DIVERSITY EVALUATION AND ANALYSIS

The 4™ leaf counted from the bud of each Shan tea
accession was selected to measure the leaf blade with,
leaf blade length, and leaf blade area (single leaf area).
In addition, fine pluck (1 bud and 2 true leaves) was



collected to measure the fine pluck length (measured from
the 2nd leaf’s petiole position on the branch to the highest
point of bud), and fine pluck weight (g). Bud pubescence
density was also graded on a scale from 1-3 (1: low, 2:
moderate, 3: high). For the characteristics of the flower,
the following parameters were measured: flower diameter,
stamen length, stamen number, and pistil length. Ovary
pubescence density level was evaluated on a scale from
1-3 (1: low, 2: moderate, 3: high). Uniform and mature
fruits were then collected to measure fruit length, width,
and pericap thickness. Seed characteristics were assessed
via seed length and seed width. All the measurements
were done with 10 replicates and the average values were
recorded. All of the measured traits’ values were then
applied to the principal component analysis (PCA) using
the prcomp function, and the clustering analysis based on
Euclidean distance in R (version 4.0.5).

RESULTS AND DISCUSSION

GENETIC DIVERSITY SHOWED BY SSR MARKERS

Collection and evaluation of diverse germplasms are
imperative for variety selection, crop improvement and

SSR-CSin49

350bp

300bp

250bp

200bp
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breeding (Tao et al. 2023). The genetic diversity assessment
of tea resources in Vietnam was previously reported by Vo
(2007) using both 150 SSR and ISSR markers and Phong
et al. (2016) using iPBS markers. However, to the best of
our knowledge, there is no report on the genetic diversity
of Shan tea in Vietnam. Here, we first investigated DNA
polymorphisms among Shan tea germplasms using SSR
markers and aimed to evaluate the genetic relationship
among 60 accessions in the Shan tea population. Employing
30 SSR primer pairs, 88 alleles and 122 genotypes were
identified (Figure 1, Table 2). In addition, the average
number of alleles per locus varied from 2 to 6 (average
of 3.90). This was in a considerable range with previous
polymorphisms reported in several crops such as tea (Zhou
et al. 2019), maize (Labate et al. 2003), and cucumber (Mu
et al. 2003). The maximum number of alleles per locus is
6 (recorded in Csin07, TUGMS27), while the minimum
is 2 (observed in CsFM1384, MSE0313, Csin46). The
maximum number of genotypes was 9 (CsFM1051,
TUGMS27), the minimum was 3 (found in CsFM1384,
CsFM1509, MSE0313, MSG0423, Csin46).

PIC is essential for evaluating plant population’s
genetic diversity (Le et al. 2023; Ni, Colowit & Mackill
2002). Here, the PIC values varied from 0.47 (in Csin46) to

FIGURE 1. The amplification result of primer pair Csin49 and CsFM 1509
for 60 Shan tea germplasm accessions. The Lines (T1-T60) are marked
as abbreviated in Table 2. The lanes where DNA molecular size marker

(Low Range) was loaded are marked as marker (M)
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TABLE 2. Amplification information of 30 SSR primer pairs in 60 Shan tea accessions

Primer Repeat motif Expected T, Allele Genotype Gene Obs. PIC
code product size (°C) No(a) (No) diversity Heterozygosity
(bp) (H) (Ho)

CsFM1051 (TTG)8 110-125 46  5.00 9.00 0.80 0.133 0.80
CsFM1550 (TAG)7 108-116 48  4.00 8.00 0.73 0.167 0.74
CsFM1599 (TCCO)y7 167-178 48  4.00 7.00 0.69 0.117 0.71
CsFM1384 (ACC)8 236-240 46  2.00 3.00 0.49 0.167 0.49
CsFM1509 (GATGAA)6 167-175 47  3.00 3.00 0.57 0.000 0.65
Al7 TC)4/T8 183-200 49  3.00 6.00 0.66 0.133 0.66
A28 (TC)18 133-149 44 4.00 7.00 0.75 0.100 0.75
A38 (TC)6 246-254 47  4.00 5.00 0.74 0.033 0.73
ASS (AATCC)3/(CGC)7 135-144 49  5.00 8.00 0.79 0.117 0.80
A166 (TTA)7 267-280 46  3.00 6.00 0.66 0.117 0.66
MSGO0533 (AG)18, (GA)3 225-230 50  4.00 5.00 0.73 0.050 0.73
MSGO0380 (AG)21, (TA)4 275-281 50  3.00 4.00 0.67 0.033 0.67
MSE0313 (AG)3, (AG)12 225-230 49  2.00 3.00 0.50 0.133 0.50
MSG0423  (TC)4, (TC)13, (AC)7 153-165 51 3.00 3.00 0.65 0.000 0.65
MSE0291 (CA)3, (TC)9 215-230 48  3.00 4.00 0.66 0.033 0.66
MSGO0681 (AG)18 212-235 49  5.00 6.00 0.78 0.050 0.79
Csin04 (AAG)20(GAA)10 110-120 46  4.00 7.00 0.74 0.167 0.84
Csin06 (CCA)(CAG)9 496-550 51 5.00 7.00 0.79 0.133 0.80
Csin07 (GCT)9(GnT)5 320-400 49  6.00 8.00 0.78 0.267 0.80
Csin24 (GCT)7 145-160 45  4.00 5.00 0.73 0.083 0.71
Csindl (A)17(GT)9 293-300 45  3.00 4.00 0.66 0.117 0.66
Csind6 (GCT)7 244-250 48  2.00 3.00 0.47 0.133 0.47
Csin49 (CAG)4 250-270 47  5.00 5.00 0.77 0.000 0.77
Csin68 (CAG)8 225-250 45  3.00 5.00 0.65 0.267 0.66
Csin71 (GTn)6 400-450 48  4.00 6.00 0.75 0.100 0.75
TUGMSI02A (GGAAA)12 216-237 47  4.00 5.00 0.74 0.133 0.74
TUGMS27 (GA)20 235-258 46  6.00 9.00 0.82 0.167 0.77
TUGMSS82 (CAT)8 259-304 46  5.00 7.00 0.77 0.200 0.78
TUGMS73 (TAA)12 256-295 46  5.00 7.00 0.72 0.167 0.74
CamsinM 14 (GA)16 156-190 47  4.00 5.00 0.72 0.100 0.71
Mean - - - 3.90 5.67 0.70 0.114 0.71

*PIC: Polymorphism information content; Ta: Annealing temperature

0.84 (in Csin04). Based on these values, 28 SSR markers are
categorized as highly informative (with PIC values >0.5)
and 2 SSR markers are considered reasonably informative
(with PIC values in the range of 0.25 to 0.5). The average
PIC value was 0.71, suggesting that the Shan population in
this study had a high genetic diversity. Notably, this value
was higher than Fang et al. (2011) and Zhou et al. (2019)
for 185 tea accessions with an average PIC of 0.495 and 68
accessions of Dongting Biluochun tea with an average PIC
of 0.51, respectively. However, the average PIC recorded

in this study was lower an average of 0.862 for the tea
plant (Liu et al. 2017). Differences in PIC values among
these studies can be explained by the differences in the tea
materials selected and the SSR markers employed.

Sixty samples of Shan tea in the study had a genetic
similarity ranging from 0.61 to 0.97. This result is different
from previous works on the genetic diversity of tea in
Vietnam using SSR markers (Vo 2007) and iPBS markers
(Phong et al. 2016), which demonstrated a more significant
variation, with a range from 0.09 to 1, and 0.39 to 0.86,



respectively. The considerable variation in the similarity
index values reported in other studies could be attributed to
the various tea germplasm tested compared with focusing
only onone type ofteaas in our study. For instance, Vo (2007)
assessed the genetic variation among tea types, including
local types, imported large-leaved and small-leaved China
types, imported Assam, cross varieties, and imported lines
from Sri Lanka and Japan. However, compared to previous
studies focusing on a single type of tea, Vietnam’s Shan
tea displayed a greater genetic diversity compared with
other tea germplasms previously reported, including the 28
Huangjincha cultivar germplasm (Yang et al. 2009), and
the 36 clonal tea germplasm in China (Yao et al. 2007).
Thus, this result further supports the fact that Vietnam is
the origin center of Shan tea.

Based on the similarity index, the cluster analysis
successfully categorized 60 Shan accessions into three
groups based on their origin. Accessions collected at Tua
Chua-Dien Bien (group I) were separated from samples
collected at Suoi Giang-Yen Bai (group I1) and Cao Bo -
Ha Giang (group II1) at a cutoff value of 0.61. Within group
I, the genetic similarity ranged from 0.75 to 0.94 (Figure
2). With the other two groups, group II had a similarity
level of 64% compared to group III. Similar to the first
group, accessions in groups I and II1 had relatively high
genetic similarities within groups, ranging from 0.77 to
0.97 and from 0.74 to 0.93, respectively. The Shan tea
accessions from Suoi Giang (Yen Bai province) and Tua
Chua (Ha Giang province) displayed a higher genetic
similarity compared to those from Tua Chua (Dien Bien
province). This difference in genetic similarity might be
due to the geographical distance, as Yen Bai and Ha Giang
are neighboring provinces, while Dien Bien province is
isolated from them.

VARIATION IN TOTAL TANNIN AND CATECHIN CONTENT
AMONG 60 ACCESSIONS OF SHAN TEA

The quality of tea is influenced mainly by biochemical
components such as tannin and catechin present in tea
leaves. Here, we examined the tannin and catechin levels
in 60 varieties of Shan tea at different harvest times. Our
findings showed significant variation in the levels of
these components depending on the harvest season. The
same result was also reported by Zheng et al. (2008) and
Sharma, Joshi and Gulati (2011). The seasonal variation
in biochemical profiles in tea could be explained by the
seasonal fluctuation of environmental factors including
temperature, sunlight intensity, water availability, and
rainfall patterns (Ahmed et al. 2019; Paiva et al. 2021),
and the interactions among these factors, and thus, it’s
challenging to isolate these environmental effects from each
other (Tounekti et al. 2013). The highest concentrations of
either tannin or different types of catechin were observed
during the summer harvest, followed by the spring harvest.
At the same time, the lowest was recorded during the fall
harvest (Figures 3 & 4). Of note, EGCG was the most
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abundant among different types of catechin, and tea leaves
also exhibited higher levels of EGCG in summer than in
spring and fall seasons. This aligns with previous studies
which suggested that tea leaves accumulated high levels
of catechin to prevent themselves from damage caused by
ultraviolet rays during summer (Ye et al. 2022; Zagoskina
et al. 2005; Zheng et al. 2008). In addition, longer daylight
hours in summer, and intense sunlight during summer
months were believed to enrich more catechins than in
spring and fall (Ahmed et al. 2019; Jhou et al. 2025; Yao
et al. 2005).

Apart from seasonal variation, tannin and catechin
content did not show significant variations among three
groups of Shan tea with different origins. One of the reasons
for this is that tea accessions all belong to the same type of
tea-Shan tea. However, significant differences among the
three groups were noted in the EC, ECG, and EGC content.
In contrast, EGCG and GC content did not significantly
vary across groups (Figure 4). Overall, germplasm from
CB tended to have the highest content of EC, ECG, and
EGC, whereas accessions from SG were observed with the
lowest values. For the total catechin content, germplasm
in CB exhibited a higher value than in SG (at p=0.05).
At the same time, no significant variation was recorded
between CB and TC or TC and SG, respectively (Figure
5). The difference in the level of catechin in Shan tea from
Cao Bo and Suoi Giang may be due to the difference in
their cultivation altitude. Cao Bo’s Shan tea was planted
at a lower altitude (around 1200 m above sea level) than
Suoi Giang’s (over 1300 m above sea level). According
to Gong et al. (2020), the catechin level in tea leaves was
negatively correlated with the altitude of the cultivation
area. Also, Tian et al. (2024), when investigating the effects
of 3 elevations (86, 256, and 880 m) on two tea cultivars
named Mingke 1’ (MK) and ‘Fuyun 6’ (FY) concluded that
the content of catechins decreased with increasing altitude,
explaining the expected lower bitterness of high-mountain
tea.

PHENOTYPIC VARIATION AMONG 60 SHAN TEA ACCES-
SIONS

Results from morphology-based PCA showed that the
first two dimensions (or PCs) captured 44.5% of the total
variation in all studied morphological traits of 60 Shan tea
accessions (Figure 6(a)). While leaf blade width, pericarp
thickness, and leaf area are key traits contributing to the
first dimension, the second dimension was characterized
by critical traits, including fruit length, fine pluck weight
(weight of shoot with bud and two leaves), seed length
and seed width (Figure 6(b) & 6(c)). Notably, the PCA
successfully distinguished three groups of Shan tea based
on their geographical distribution, as shown in Figure
6(A). Accessions in SG were recorded with negative scores
of PCI, contrasting with predominantly positive scores
observed in accessions from CB and TC. This was further
supported as accessions from SG had significantly higher
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leaf blade width than germplasm from TC and CB (Figure
7(a) & 7(b)). In addition, the separation between CB and
TC was evident in PC2, where accessions in CB exhibited
negative scores while accessions in TC showed positive
scores. This was confirmed in boxplot analysis as Shan tea
in CB exhibited significantly higher fruit length than Shan
tea from TC (Figure 7(c)). Thus, these parameters could
be considered critical indicators for classifying Shan tea
germplasm in Vietnam.

In an attempt to group the 60 accessions in the Shan
tea germplasm based on their morphological characteristics
(data given in Supplementary Table 1), the Euclidean
distance was computed and employed for clustering (Figure
8). The results showed that 60 Shan tea accessions were
divided into three groups. Notably, all accessions in group
I originated from TC, while group II exclusively comprised
six accessions from CB. Group III, consisting of the most
significant accessions (44), further branched into I1I-A and
I11-B sub-groups. Within III-A, most of the 24 accessions
were from CB, with 14 accessions and only two from SG,
namely T27 and T35. Noteworthy, the composition of sub-
group IIB was predominantly from SG with 18 out of
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20 accessions. Overall, Suoi Giang (Yen Bai) accessions
showed high similarity levels with those from Cao Bo (Ha
Giang). On the other hand, most accessions from Tua Chua
(Dien Bien) were found to be different from those from
Suoi Giang and Cao Bo. This observation was consistent
with the genetic diversity analysis conducted using SSR
markers.

The first tea classification was introduced by Sealy
(1958) using basic leaf characteristics and later revised
by Wight (1962) incorporating morphological traits such
as leaf size, leaf shape pistil length, and flower size. Here,
by investigating 13 morphological traits, we showed the
critical traits including (leaf blade width) and fruit size
(fruit length) which can help to discriminate 3 groups of
Shan tea based on origin. This was consistent with the
findings of Rajkumar et al. (2010) who reported that leaf
and fruit characteristics showed a great degree of variability
and were important in differentiating tea accessions. Taken
with the genetic diversity showed by SSR markers, the
study suggests that using both phenotype and genotype-
based clustering can provide a unique and more in-depth
understanding of Shan tea, which can help facilitate the
breeding and selection of Shan tea in Vietnam.
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CONCLUSIONS

Our first comprehensive study of Shan tea germplasms
in Vietnam showed significant genetic and phenotypic
diversity among the 60 accessions. Using SSR markers,
we observed a wide range of DNA polymorphisms and
high polymorphic information content (PIC), suggesting a
high genetic variation within the Shan tea population. The
cluster analysis based on similarity coefficients identified
three distinct groups, reflecting their geographical origins,
with accessions from Suoi Giang and Cao Bo (Ha Giang)
showing more remarkable genetic similarity than those from
Tua Chua (Dien Bien). Biochemical profiles, including
tannin and catechin levels, showed seasonal variations, with
higher concentrations observed during the summer harvest.
Variation in biochemical profiles among the three groups
of Shan tea was not considerable. However, significant
differences were still noted, particularly between Suoi
Giang and Cao Bo tea accessions. These variations may be
influenced by cultivation altitude and local environment.
Morphology-based principal component analysis (PCA)
effectively discriminated three groups based on traits like
leaf blade width, pericarp thickness, leaf area, fruit length,
and fine pluck weight. These morphological traits provided
additional insights into the diversity of Shan tea and
supported the genetic clustering results obtained through
SSR markers. Overall, integrating genetic, biochemical,
and morphological analyses offers an in-depth view of the
diversity and relationships among Shan tea germplasms in
Vietnam. This study contributes to our understanding of
the genetic diversity within Shan tea and provides valuable
information for future breeding and selection programs
such as developing improved Shan varieties with desired
biochemical content and greater adaptability to regional
conditions. Besides, the biochemical profile of Shan
tea provides chances for optimizing harvest strategies,
while the unique genetic characteristics of each Shan tea
region could support local tea branding and tea resource
conservation purposes. Future research should be expanded
with larger genetic resources of Shan tea including ancient
Shan tea clones and improved Shan tea cultivars in other
tea-growing regions in the country.
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SUPPLEMENTARY TABLE S2. The informa tion of SSR markers used in the study

No. Marker Forward primer (5°-3) Reverse primer (3°-5”) Reference

1 CsFM1051 AACCCATTTCGTCTTTGTGC AGAATCAACAACACCCTGGC Tan et al. (2013)

2 CsFMI1550 CGAGACATCGAACACCACAG CGTATCGTAGCGGTGAAGGT Tan et al. (2013)

3 CsFM1599 GGCCCTGTTTTTACACTCCA GATTGGTTTCTGGTTCGCAT Tan et al. (2013)

4  CsFM1384 CGAATCATGATGACCCACTG CAGCGAGGGAGAAGAATGAG Tan et al. (2013)

5 CsFM1509 GACGATGGACCCTTCTTTGA CATCATCATCATCCTCACCG Tan et al. (2013)

6 Al7 ACTAAGGCGGTCACGAAGTT AAGGGATACAGCAGATCCAAAT Tan et al. (2013)

7 A28 AATAAGAATCGGTGACCTCTG CTTCATTAACCCCTAAACTAAAAC Tan et al. (2013)

8 A38 CCAAAACCCTAGTTTCACTCCA ATCAAACGCTCTGTATCGGTG Tan et al. (2013)

9 AS5 GCTTCCTCTTCTCCTTCCCC CCCCTCCTCCTCTGTTTGAT Tan et al. (2013)

10 Al66 TTGGCAGATTACCTTGGAGA GACCAACAACGGATCACATA Tan et al. (2013)

11 MSGO0533 AGACCTAGCCAAGACAACCACACC GTTTCCCCTATTTTCCCGACTGTCT Taniguchi et al. (2012)
12 MSG0380 ACAGACCTTCACCCTCTCCATTTC GTTTACCTCTGCCTTCGTTCTTCAGC Taniguchi et al. (2012)
13 MSE0313 TGCTATGCCGCCTAACAAAAACTT  ACCACCAACAACAATTCCCACTCT Taniguchi et al. (2012)
14 MSG0423 ACTCCATGTGCTGCTCTGTAGTTC GTTTGCAGGAAGTTGAGCCAGAC Taniguchi et al. (2012)
15 MSE0291 AATCAAATAACACTTGCACCCGC AAAAAGAGAAAGTCACGTCCACGG Taniguchi et al. (2012)
16 MSGO0681 AGGGTTTGCGTCTTCAAAGAGAGA GTTTGTAACACTTGCCACGTTTCG Taniguchi et al. (2012)
17 Csin04 ATTTTGAAGTCCTCTCAGAACCAT  CATCGTGAACCGCATCTGTAG Bali et al. (2013)

18  Csin06 CGGGCACTCAATGGAAAGCAC TGGCATCTGTTGGCGTGGTG Bali et al. (2013)

19 Csin07 CCAACCCAACTCAGGCAGAT GCTACAACCACCTTCAACACCT Bali et al. (2013)

20  Csin24 CCAAGTAGAAGGACGCACTC GGAGCATAGCATAGCATAGC Bali et al. (2013)

21 Csindl CCCTCAACTCCATCAGCAAT CCCAAAACGAAAACCGACTA Bali et al. (2013)

22 Csind6 CAGGGAGAGGACGGTGATTA GCACGAAAAGTCAGGCTACA Bali et al. (2013)

23 Csin49 CTCCAGCAGCAACATTATTACG GACCTCAGAAAACTCCCCTTG Bali et al. (2013)

24 Csin68 GTGGCATGGAAATGGGATAC AGATGCTATCATAACAAAGAAACAAT  Bali et al. (2013)

25  Csin71 GTTGCTGCTGTTGTCAGTTGC CCAACCACAATCAGCCACTAC Bali et al. (2013)

26 TUGMSI102A CGTAGCTCGCACACAACAC CGTCCCCTCCGAAATGA Sharma et al. (2009)
27  TUGMS27 GGGGATAGTACAAACACACAAC GCTCCTCTTTCTTCACCACTT Sharma et al. (2009)
28  TUGMSS2 AAGTTAGAGAGAGAGAAGTGGC AATGCCACACCAGTCCTAG Sharma et al. (2009)
29 TUGMS73 GTCAAGACGCCCACTACAGT GACTGTGTAACCTGCCAAGAC Sharma et al. (2009)
30 CamsinM14 TGGACTTGGAAGGACTGAGG ACAAAGCTCAACCTGCCATT Freeman et al. (2004)




