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ABSTRACT
The genetic diversity of ancient tea plants is a crucial natural resource that helps understand plant 
evolution, diversification, and domestication. However, northern Vietnam’s genetic diversity 
of natural ancient tea populations remains unclear. This study investigated the morphological, 
genetic, and population structure diversity of ancient Shan tea (Camellia sinensis var. assamica) 

genotypes across Lao Cai, Yen Bai, and Ha Giang 
provinces in northern Vietnam. Nineteen tree 
stems, leaves, and shoots morphological traits 
were analyzed, revealing significant leaf size, 
bud characteristics, and trunk circumference 
variability. Principal Component Analysis 
identified key morphological traits contributing 
to diversity, particularly leaf length, bud length, 
and shoot weight, with distinct groupings 
among the tea plants. Genetic profiling using 
ISSR markers amplified 96 bands, with 94 
showing polymorphic characteristics, indicating 
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a high level of genetic diversity. ANOVA revealed that 88% of the genetic variance occurs within 
populations, further supported by UPGMA clustering and Principal Coordinates Analysis, 
highlighting the genetic distinctions and similarities among the three tea populations. The 
study concludes that the morphological and genetic diversity of Shan tea is influenced by eco-
geographical factors, underscoring the need for conservation efforts to preserve these valuable 
germplasm resources for future breeding and research.

Keywords: Ancient Shan tea, eco-geographical regions, ISSR marker, morphological, Northern Vietnam

INTRODUCTION

Camellia sinensis (L.) O. Kuntze, a member of the Theaceae family, is a globally 
important crop cultivated in over 52 countries, with China and India leading in production 
(Chen & Chen, 2012; FAOSTAT, 2023). The species includes several varieties, notably 
C. sinensis var. sinensis and C. sinensis var. assamica, both extensively used in tea 
cultivation (Meegahakumbura et al., 2017). Believed to have been domesticated in 
southwest China around 3000 BCE (Wambulwa et al., 2017), tea plants have adapted 
to a range of environmental conditions, flourishing in humid, tropical, and subtropical 
regions with acidic, well-drained soils (Ahmed & Stepp, 2025; Xia et al., 2020). In 
Vietnam, the ancient Shan tea, classified as C. sinensis var. assamica, is primarily found 
in the high mountainous areas of Son La, Ha Giang, Yen Bai, and Lao Cai provinces. 
Renowned for its large leaves and distinctive biochemical profile, this variety is highly 
valued for its tea production (Liu et al., 2017; Xia et al., 2017). Preserving ancient 
Shan tea is crucial, as it represents a unique genetic resource essential for maintaining 
biodiversity, supporting sustainable cultivation, and preventing genetic erosion due to 
environmental and human influences.

The preservation of plant genetic resources has garnered much attention lately. 
Understanding the genetic diversity within and between populations is crucial for designing 
effective and economical conservation approaches for plant genetic resources (Guney et 
al., 2021). Genetic diversity analysis in plants, mainly through DNA markers, is crucial for 
plant breeding and conservation (Nwosisi et al., 2019). For studying the genetic diversity 
of tea trees, various molecular markers, such as simple sequence repeat (SSR) (Li et al., 
2024) and SSR combined start codon targeted (SCoT) markers (Samarina et al., 2021), 
have been used. Recently, the genetic diversity of C. yuhsienensis was assessed using 
leaf structure and inter-simple sequence repeat (ISSR) markers; most of the markers have 
effectively assessed this diversity and can aid in conserving and utilizing these valuable 
genetic resources (Zou et al., 2024).

Ancient Shan tea has revealed its potential for cross-compatibility with other tea 
varieties, particularly C. sinensis var. sinensis (Kumarihami et al., 2016). This cross-
compatibility has been attributed to a late-acting self-incompatibility system or post-
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zygotic barriers (Kumarihami et al., 2016). Furthermore, the chloroplast and mitochondrial 
genomes of Shan tea have been deciphered, providing valuable resources for genetic and 
comparative genomic studies (Zhang et al., 2019). Zhao et al. (2021) investigated the 
genetic diversity of ancient tea plants. They suggested that the genetic and phenotypic 
diversity of 145 ancient tea plant germplasm resources from five populations in Sandu 
County, Guizhou Province, China, was relatively high. The analysis of molecular variance 
showed that genetic variation within the populations was more significant than among the 
populations (Zhao et al., 2021).

This study investigated the morphological diversity and genetic relationships of ancient 
Shan tea trees across three northern provinces of Vietnam, including Lao Cai, Yen Bai, 
and Ha Giang. The study evaluated 19 morphological traits of leaves and shoots and used 
ISSR molecular markers to assess the genetic diversity within and between tea populations. 
Through the analysis of principal components, genetic clustering, and principal coordinates 
analysis, the study seeks to explore the impact of environmental factors and geographical 
distances on the morphological and genetic characteristics of ancient tea trees, providing 
insights into their conservation and breeding. Our findings will provide further insights 
into the genetic relationships of ancient tea sources in Northern Vietnam based on leaf 
morphology and ISSR markers, providing a scientific basis for the protection and utilization 
of this ancient tea plant.

MATERIALS AND METHODS

Sample Collection

Thirty-six individuals of ancient Shan tea were obtained from three locations that belonged 
to three provinces in northern Vietnam, including Cao Bo commune (Vi Xuyen district, 
Ha Giang province, denoted as HG.LT 1-14), Suoi Bu commune (Van Chan district, Yen 
Bai province, denoted as YB.SB 1-7), and Ta Thang commune (Muong Khuong district, 
Lao Cai province, denoted as LC.TT 1-16) (Figure 1). 

Morphological Description

The assessment of nineteen morphological characteristics of the stem, leaf, and bud of the 
ancient Shan tea tree used the International Plant Genetic Resources Institute’s guidelines 
(IPGRI, 1997), with a few minor modifications (Vo, 2007). The young shoots’ fifth leaves 
were chosen for description. The tea bud with one tip and three leaves, located at position 
2/3 of the internode between the third and fourth leaves, is where the buds selected for 
analysis are harvested. Digital calipers with a 0.01 cm sensitivity were used to measure 
the shoots’ weight using precision scales that were sensitive to ± 0.01 g. Meanwhile, 
shoot length, leaf, and stem measurements were collected using the same equipment. 
Each morphological trait was measured in 30 replicates per plant, and 36 individuals were 
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assessed across the three studied populations. The means of these replicates were used for 
statistical analysis, ensuring accuracy and minimizing measurement variability. 

Genetic Diversity and Relationship of Ancient Tea Trees

DNA Isolation

Healthy leaves were sterilized with 70% (v/v) alcohol to remove dust and microbes on 
the surface. Liquid nitrogen was utilized to grind the leaf samples into homogenized 
powder. The DNA extraction was conducted following the cetrimonium bromide (CTAB) 
based protocol (Rogers & Bendich, 1989) with appropriate modifications. The quantity 
and quality of DNA were measured by the Nanodrop One spectrophotometer (Thermo 
Scientific, USA). DNA integrity was performed by 1% (w/v) agarose electrophoresis at 
100V in Tris-acetate-EDTA 1X. 

Amplification of ISSR Markers

Ten ISSR primers were used to characterize the genetic diversity (Table 1). The 10 µL 
reaction consisted of 2 µL deionized water, 5 µL master mix 2X (Biohelix, Taiwan), 1 
µL primer (20 µM), and 2 µL DNA template (equivalent to 100 ng). Amplifications were 
performed by a Mastercycler X50s (Eppendorf, Germany) with the thermal cycle program: 

Figure 1. A map of three ecogeographical locations, Yen Bai, Lao Cai, and Ha Giang provinces, was expressed 
in green, purple, and blue, respectively. Tea genotypes were collected and used in morphological and molecular 
analyses
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an initial denaturation of 95°C in 4 minutes, 
40 cycles included three stages; 94°C 
in 30 seconds, an appropriate annealing 
temperature (Ta) in 1 minute, 72°C in 2 
minutes; a final extension of 72°C in 10 
minutes. PCR products were kept stable at 
4°C until use. The PCR products were tested 
by 2% agarose gel electrophoresis (25V, 
TAE 1X) in 1 hour and 30 minutes. Band 
patterns were visualized under UV light in 
the Gel Doc. XR system (Bio-Rad, USA).

Construction of a Dendrogram Tree

Scored bands were transferred into binary 
data with Microsoft Excel software version 

Table 1
Ten primers were used for the PCR products 

Primer Nucleotide 
sequences (5’-3')

Annealing 
temperature 

(°C)
ISSR825 (AC)8T 46
ISSR855 (AC)8CT 46
ISSR866 (CTC)6 52
ISSR827 (AC)8G 50
ISSR811 (GA)8C 45
ISSR813 (AC)8CA 51
ISSR818 (GA)8CT 44.7
ISSR823 GAA(GT)7 51
ISSR826 (AC)8C 46
ISSR889 ATG(AC)7 52

2021; the presence and absence of a band were scored as 1 and 0, respectively. The 
dendrogram was constructed using the unweighted pair group method with the arithmetic 
mean (UPGMA) method using NTSYS-pc 2.1 software. Correspondence analysis was 
conducted using Biodiversity Pro software. Genetic diversity indices of each marker 
include PB (polymorphic band), PIC (polymorphism information content), EMR (effective 
multiplex ratio, MI (marker index, D (discriminating power), and R (resolving power) 
were calculated by the iMEC web-based program (Amiryousefi et al., 2018). Analysis of 
molecular variation (AMOVA) and principal coordinate analysis (PCoA) were utilized by 
the GenAlEx software version 6.51b2 (Smouse et al., 2017).

Data Analysis

All data were analyzed and presented as mean values. Differences between the mean values 
were tested using ANOVA and ranked using the least significant difference (LSD) method 
at P < 0.05 with SPSS 20.0 software. Principal component analysis (PCA) was analyzed 
using Minitab statistical software. 

RESULTS

Morphological Traits of Ancient Tea Leaves and Shoots

Morphological Description

Nineteen morphological characteristics of ancient Shan tea tree stems, leaves, and shoots 
were recorded and evaluated in Lao Cai, Yen Bai, and Ha Giang provinces. Regarding tree 
shape, most trees have an arbor or semi-arbor shape (Figure 2). All trees have large trunk 
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circumferences, the LC.TT15 tree has the largest trunk circumference, reaching 270 cm, 
and the lowest is the YB.SB 5 tree, reaching 48 cm (Table 2). 

The criteria of leaf angle, leaf shape, leaf angle shape, leaf serration, and lower leaf 
surface are all diverse. The colors of leaves and buds vary; most are green and yellow-
green. The leaf size ranges from 9.12 × 3.5 cm (LC.TT12) to 21.06 × 6.78 cm (HG.LT13). 
Some individuals with large leaf sizes are grouped like trees, HG to the right of Figure 3. 
LT2, 9, 13, and YB.SB4, 6. HG.LT13 has the highest number of pairs of main veins in the 
leaf (13.0) and the lowest number of pairs of main veins in the leaf of LC.TT10 (8.4). The 
color of the buds is mostly yellow-green; a few buds are green or light green; on all buds, 
there are thick snow hairs. Bud length and bud weight are very different (Table 2). Bud 
length ranges from 10.4 cm (HG.LT 11) to 17.78 cm (YB.SB6). Our results revealed that 
a number of individuals in Yen Bai (YB.SB1, 2, 4, 5, and 6) have bud length and weight 
much higher than the samples collected in Ha Giang and Lao Cai.

Principal Component Analysis (PCA)

PCA analysis and phylogenetic tree showed that eco-geographical regions strongly impacted 
the clustering of both wild tea (He et al., 2023) and cultivated tea plants (Zhao et al., 2022). 
In order to find which morphological parameters are essential to the growth of ancient tea 
trees, the statistical PCA was applied. The original set of variables is changed into a new 
set known as principal components (PCs), uncorrelated variables. The results of principal 
component analysis and correlation analysis based on the morphological data of ancient tea 
from three locations in northern Vietnam are expressed in Table 3. Based on the morphological 
data of the ancient Shan tea genotype, PCA, correlation analysis, and contribution ratio, it is 
revealed that the seven components explained 100% of the overall variation. The first main 

Figure 2. Ancient Shan tea tree shapes from three locations in northern Vietnam (A: LC.TT 15; B: YB.SB 5; C: 
LC.LT 9)
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Table 3
Principal component analysis, correlation analysis, and contribution ratio-based morphological data of 
ancient Shan tea genotypes

Variable PC1 PC2 PC3 PC4 PC5 PC6 PC7
Shoot weight 0.39 -0.14 -0.58 -0.13 -0.17 -0.67 0.02
Shoot length 0.43 -0.16 -0.51 0.19 -0.05 0.70 -0.05
Leaf length 0.54 0.18 0.24 -0.04 0.46 -0.03 0.63
Leaf breadth 0.47 -0.28 0.38 -0.30 0.22 -0.02 -0.65
Leaf length/breadth ratio 0.01 0.64 -0.24 0.37 0.45 -0.13 -0.42
Main vein 0.39 0.28 0.37 0.45 -0.65 -0.08 -0.05
Leaf petiole length 0.06 0.59 -0.09 -0.72 -0.28 0.20 -0.03
Eigenvalue 2.63 1.85 1.44 0.58 0.35 0.15 0.01
Proportion (%) 37.57 26.37 20.61 8.30 4.96 2.13 0.07
Cumulative (%) 37.57 63.94 84.54 92.84 97.80 99.93 100

Figure 3. Morphological characters of the typical leaves of the ancient tea collection from various northern 
provinces of Vietnam

component presented 37.57% of the variation. The values of leaf length (0.54), leaf breadth 
(0.47), bud length (0.43), bud weight (0.39), and number of primary leaf veins (0.39) are 
the most significant contributors to the first essential component. All five factors positively 
correlate with the first principal component (PC1), meaning an increase in any of these 
factors would raise PC1’s value. The second principal component explained 26.37% of 
the variation. The traits of the ratio of the leaf’s length to breadth (0.64) and petiole length 
(0.59) make up the most significant contribution to the second fundamental component. 
The shoot weight (-0.58), shoot length (-0.51), and the weight of the leaf breadth (0.38) of 
principal component 3 (PC3) have high weights, suggesting that PC3 captures the variations 
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in shoot weight and length. The shoot weight and length values are negative, indicating 
a negative correlation of the third principal component (PC3) with the shoot properties. 
Thus, the first three components explained 84.54% of the overall variation (Table 3).

Plotting the PCA scores makes it feasible to visually evaluate sample similarity and 
establish whether samples may be categorized. In this study, the most significant variables 
of the main components are those with high weights, such as the leaf length, leaf width, 
and leaf length/breadth ratio in PC1 and PC2. In a main element, variables with weights 
of the same sign are positively correlated, whereas variables with weights of the opposite 
sign are negatively correlated. The primary components that may be used to examine the 
differences between tea plants are leaf size, bud length and weight (PC1), and leaf length/
width ratio (PC2).

HG.LT trees tend to be distributed in the chart’s upper left and right parts. This 
suggests wide dispersion within this group and possibly clearly distinct characteristics 
between HG.LT trees. HG.LT13 is located furthest toward the top of PC2, showing 
its unique characteristics that are different from other plants in the HG.LT group. The 
LC.TT trees are concentrated mainly in the lower left part of the chart; this group has 
relatively homogeneous characteristics and is different from other groups. YB.SB trees 
are distributed mainly in the center and right parts of the chart; this group has similarities 
in characteristics. In particular, YB.SB3 and YB.SB7, located on the left side of PC1, 
may have more distinct attributes in the YB.SB group. Through the PCA chart, we found 
the dispersion and grouping of tea plants into three different groups (HG.LT, LC.TT, and 
YB.SB). LC.TT plants tend to be more concentrated and homogeneous, while HG.LT and 
YB.SB plants have a wider dispersion and greater diversity of characteristics (Figure 4).

Figure 4. Score plot of morphological data of ancient tea genotypes from the eco-geographical regions of 
northern Vietnam
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Genetic Diversity and Relationship of Ancient Tea Trees

DNA Profile of ISSR Markers

From the electrophoretic spectrum, the data showed that 96 bands were amplified from 
36 ancient tea genotypes belonging to three populations, including Yen Bai, Lao Cai, 
and Ha Giang. In particular, 94 polymorphic bands were recorded, corresponding to a 
polymorphic rate of up to 97.9%, so for every 1 ISSR primer, there will be an average 
of 10.44 polymorphic bands. The size of amplified products ranges from 200 to 1800 
bp. The UBC816 has the highest band numbers, with 14 bands, and primer UBC888 has 
the fewest band numbers, with five bands. Two primers, UBC856 and UBC843, amplify 
the band with the largest size of 1800 bp. In terms of polymorphism, there are seven 
primers (UBC855, UBC888, UBC825, UBC866, UBC811, UBC816, and UBC843) with 
a polymorphism rate of 100%. All nine primers are reasonably informative because the 
PIC index is in the range of 0.25–0.5. There are six primer pairs, including UBC855, 
UBC840, UBC888, UBC825, UBC866, and UBC816, with the highest PIC index of 
0.37 (Table 4).

Table 4
Genetic diversity indices of 9 ISSR markers

Primer SB PB PB% Size H PIC Rp Hav. MI D R
UBC855 10 10 100 250–1500 0.50 0.37 5.03 0.00 0.01 0.75 4.72
UBC840 13 12 92 200–1300 0.49 0.37 5.50 0.00 0.01 0.82 5.78
UBC888 5 5 100 250–1500 0.48 0.37 2.06 0.00 0.01 0.83 1.33
UBC825 10 10 100 250–1700 0.50 0.37 4.78 0.00 0.01 0.77 5.11
UBC866 11 11 100 250–1200 0.49 0.37 4.94 0.00 0.01 0.80 4.22
UBC811 9 9 100 200–1000 0.48 0.36 3.50 0.00 0.01 0.85 5.00
UBC856 14 13 93 200–1800 0.43 0.34 4.47 0.00 0.00 0.90 4.94
UBC816 9 9 100 200–1500 0.50 0.37 4.06 0.00 0.01 0.80 3.33
UBC843 15 15 100 200–1800 0.46 0.36 5.47 0.00 0.00 0.87 8.94
Total 96 94 0.37

Note. SB: Scored band, PB: Polymorphic band, H: Heterozygous, PIC: Polymorphism Information Content, 
Rp: Resolution power, MI: Multiple index

Genetic Polymorphism

AMOVA analysis showed that the variance between populations was 12%, while within 
each population, it was up to 88% (Table 5). Our findings are consistent with those of 
Huang et al. (2022), who demonstrated that genetic variance within populations outweighed 
genetic differences across tea populations through genotyping analysis using sequencing 
tea genetic resources (Huang et al., 2022).
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Dendrogram

The UPGMA clustering dendrogram classified the three tea populations into 2 clusters with 
genetic similarity ranging from 0.61 to 0.86 (Figure 5). At the threshold of 0.65, cluster 
I is divided into two sub-clusters: I-A and I-B. The genetic diversity among the three 
populations is clearly illustrated in subcluster I-A. In particular, at the genetic similarity 
of 0.79, the data reveal that 11/13 genotypes of the Ha Giang population are in sub-cluster 
I-A1a. Meanwhile, all genotypes of the tea population in Lao Cai were distributed into 
sub-clusters I-A1b, I-A2, and I-A3. The Yen Bai population showed the highest genetic 
diversity due to distribution in all three different sub-clusters, consisting of I-A1a (YBSB1, 
YBSB3), I-A1b (YBSB5, YBSB6), and I-B (YBSB4, YBSB7). Besides, three genotypes, 
including HGLT2, YBSB2, and HGLT4, were grouped into cluster II. 

Table 5
Results of analysis of molecular variance (AMOVA) 

Source df SS MS Est. Var. %
Among Pops 2 74.081 37.040 1.990 12%
Within Pops 33 472.503 14.318 14.318 88%
Total 35 546.583 16.309 100%

Figure 5. Dendrogram for cluster analysis of 36 Camellia sinensis genotypes
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Principal Coordinates Analysis

The PCoA diagram visualizes the clustering between the three tea populations of Ha Giang, 
Yen Bai, and Lao Cai provinces. This information illustrates that the tea genotypes of the 
Lao Cai population showed more distinctive genetic characteristics than those of the other 
two populations. In addition, there is a certain overlap in the genetic profile between the 
two populations of Ha Giang and Yen Bai. Concerning geographical data, the distance 
between Ha Giang and Yen Bai provinces is closer than that of Lao Cai (Figure 6). 

Figure 6. PCoA diagram from three populations of C. sinensis based on ISSR marker

DISCUSSION

Leaf morphological traits often adjust in response to different environments to adapt. 
According to Ran et al. (2023), the growth and development of tea plants and the quality 
of the tea are also strongly correlated with environmental elements such as temperature, 
humidity, light, rainfall, and altitude. Amino acid concentration is influenced by altitude; 
more significant elevations are linked to higher levels (Ran et al., 2023). The morphological 
diversity observed in the ancient Shan tea trees across Lao Cai, Yen Bai, and Ha Giang 
provinces suggests significant phenotypic variation, likely influenced by genetic factors 
and environmental conditions. The recorded variations in tree shape, trunk circumference, 
leaf size, and bud characteristics highlight the adaptability of C. sinensis var. assamica 
to different eco-geographical regions. Notably, larger trunk circumferences and leaf sizes 
were observed in certain genotypes, such as LC.TT15 and HG.LT13 indicate potential 
differences in growth rate, age, and environmental adaptation. 

Additionally, the observed bud length and weight variations, particularly in the Yen 
Bai population, suggest regional differences in shoot development, which may impact tea 
quality and yields. Altitude and the geological environment significantly influenced the 
distribution, population structure, and evolutionary direction of wild plant germplasm 
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resources (Bemmels et al., 2016). These findings align with previous studies demonstrating 
how altitude, climate, and soil conditions contribute to morphological differentiation in 
tea plants. For example, Clarke et al. (2023) found that regional environmental factors 
significantly shape the phenotypic characteristics of C. sinensis, particularly in relation 
to leaf structure, shoot development, and adaptability. It highlighted that tea plants grown 
in warm, humid regions tend to develop broader leaves and greater shoot biomass, a 
phenomenon similarly observed in the Shan tea populations studied across northern 
Vietnam. Additionally, soil composition was identified as a key factor influencing leaf 
morphology, with nutrient-rich, well-drained, acidic soils supporting larger leaves and 
higher biomass production (Clarke et al., 2023).

These findings correspond with this study’s results, where significant differences in 
leaf size and bud weight were recorded among populations from different provinces, as 
confirmed by PCA results. Furthermore, altitude was shown to impact morphological 
adaptation, as higher-elevation tea plants exhibited smaller, more compact leaves, likely 
in response to cooler temperatures and reduced oxygen availability. This pattern is evident 
in the distinct leaf and bud characteristics among the studied populations, suggesting that 
altitude-driven selection pressures contribute to morphological divergence. The UPGMA 
clustering and PCoA results further reinforce this relationship, as genetic clustering 
followed geographical patterns, indicating strong eco-geographical influences on genetic 
variation. These findings emphasize the importance of eco-geographical factors in shaping 
the morphological and genetic diversity of ancient Shan tea, underscoring their relevance 
for conservation and breeding strategies.

PCA analysis provided further insights into the key morphological traits contributing 
to variation among the ancient tea genotypes. The strong contributions of leaf length, bud 
length, and shoot weight to the first PC1 suggested that these traits play a critical role in 
distinguishing different tea populations. The clustering of tea plants into distinct groups 
based on PCA scores confirms that morphological differences correspond closely with 
geographical origin. The homogeneous characteristics observed in the Lao Cai population 
(LC.TT) contrast with the greater diversity and dispersion seen in Ha Giang (HG.LT) 
and Yen Bai (YB.SB), supporting the hypothesis that local environmental conditions and 
genetic factors drive phenotypic differentiation. Previously, a comprehensive analysis of 
wild Camellia species in the Guizhou Plateau, China, was carried out and provided strong 
evidence supporting the role of eco-geographical influences in shaping morphological traits  
(He et al., 2023). Their study revealed significant genetic diversity among C. tachangensis 
and C. gymnogyna, which were distributed across different altitude gradients and geological 
environments. 

Specifically, the genetic diversity of C. gymnogyna was significantly higher in low-
altitude silicate rock areas, whereas C. tachangensis exhibited reduced genetic variability 
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in high-altitude carbonate rock environments, suggesting that altitude and soil composition 
influence the evolutionary trajectory of tea plant populations. The genetic differentiation 
coefficient between these two species was 0.075 (He et al., 2023). Additionally, when 
analyzing populations at different altitudes, the study found that the second altitude gradient 
(1,100–1,400 m) exhibited the highest genetic diversity. In comparison, the first (>1,400 m) 
and third (<1,100 m) gradients showed reduced variation (He et al., 2023). These patterns 
align with the results in this study, where altitude was identified as a key determinant of 
morphological differentiation in ancient Shan tea populations. The lower genetic diversity at 
high altitudes may be attributed to restricted gene flow, environmental selection pressures, 
and adaptation to cooler temperatures. It is consistent with findings in other plant species 
that exhibit similar genetic constraints in extreme environments.

Molecular marker is a reliable approach to population genetics in natural plants. 
Regarding data tendency, our study is similar to that of previous publications. Next, the 
genetic diversity analysis using ISSR markers revealed a high degree of polymorphism 
(97.9%), indicating substantial genetic variation within the studied tea populations. The high 
number of polymorphic bands suggests that ancient Shan tea in northern Vietnam possesses 
a rich genetic pool, which is valuable for conservation and breeding programs. Multiple 
genetic clusters in the UPGMA dendrogram further support the notion of significant genetic 
differentiation among populations. Interestingly, the Lao Cai population exhibited more 
distinct genetic traits, while some overlap was observed between the Ha Giang and Yen 
Bai populations. In particular, 24 Camellia genotypes were collected from the Black Sea 
region of Turkey and characterized the genetic diversity by 15 ISSR markers (Yoğurtçu & 
Aygun, 2021). This pattern suggests that geographical proximity may contribute to gene 
flow and shared genetic characteristics, whereas more isolated populations may have 
undergone genetic divergence over time.

In order to categorize the variables inside many clusters according to their relationship 
and normalized value, cluster analysis with a dendrogram is typically utilized. Our AMOVA 
analysis revealed that most genetic variation (88%) occurs within rather than between 
populations (12%). The findings showed 96 total bands and 84 polymorphic bands. 
Likewise, 42 elite UPASI tea clones from India were analyzed by 27 ISSR markers, and 
the result determined that the total and polymorphic bands were 116 and 70, respectively 
(Sharma et al., 2022). Furthermore, based on the AMOVA output, there is a high level 
of intra-genetic variation (90.48%) compared to the low level between populations 
(9.52%). Liu et al. (2022) also concluded that the genetic variation originated mainly 
from intrapopulation variation when using single-nucleotide polymorphisms to study the 
population structure of 137 C. sinensis in China. Therefore, the genetic variation within the 
population of C. sinensis is diverse and should be investigated for germplasm conservation 
of ancient tea (Liu et al., 2022).
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This finding aligns with previous studies on tea plant diversity, where intra-population 
genetic variation has been reported as the predominant source of diversity. The relatively 
low inter-population variation suggests that tea populations in northern Vietnam maintain 
a degree of genetic connectivity despite geographical separation, potentially due to natural 
seed dispersal, human-mediated propagation, or historical gene flow. Meanwhile, the 
PCoA further corroborates these findings, illustrating a distinct genetic profile for the 
Lao Cai population while indicating some genetic overlap between the Ha Giang and Yen 
Bai populations. This result supports the hypothesis that eco-geographical factors, such 
as altitude, temperature, and soil composition, may significantly shape genetic diversity. 
Additionally, the genetic clustering observed in the dendrogram and PCoA plot suggests 
that ancient tea populations in northern Vietnam have retained unique genetic signatures 
despite sharing a common ancestry. Genetic diversity correlates with geographical 
distance (Zhang et al., 2022). In tea, He et al. (2023) state that the examined Camellia’s 
genetic differentiation was greatly influenced by the geological environment, soil mineral 
concentration, soil pH, and altitude (He et al., 2023). Moreover, using AMOVA analysis, 
ancient Chinese Assam tea (Meegahakumbura et al., 2016) populations were grouped 
according to the three geographical regions; the genetic variation was partitioned among 
regions, populations, and within populations (Li et al., 2024).

Overall, these findings emphasize the importance of preserving the genetic resources 
of ancient Shan tea in northern Vietnam. The observed morphological and genetic diversity 
highlights the potential for breeding programs to develop new cultivars with desirable traits 
such as enhanced yield, adaptability to environmental stress, and improved tea quality. 
Furthermore, conservation efforts should prioritize maintaining this diversity, particularly 
in populations with unique genetic characteristics. Future research incorporating more 
comprehensive molecular markers and environmental data could provide deeper insights 
into these ancient tea populations’ evolutionary history and adaptive mechanisms.

CONCLUSION

This study comprehensively analyzes the morphological and genetic diversity of ancient 
Shan tea across the Lao Cai, Yen Bai, and Ha Giang provinces, demonstrating significant 
eco-geographical influences on trait variation. The morphological analysis identified 
slight differences in leaf length, bud length, and shoot weight, with several individuals 
in Ha Giang genotypes exhibiting larger leaves and thicker buds. At the same time, some 
Yen Bai samples showed greater shoot biomass. PCA results confirmed that these traits 
contribute significantly to morphological diversity, with clear population clustering. Genetic 
profiling using ISSR markers revealed a high polymorphism rate (97.9%), with 94 out of 
96 amplified bands being polymorphic. UPGMA clustering grouped Lao Cai genotypes 
separately from Ha Giang and Yen Bai, while PCoA indicated genetic overlap between Ha 
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Giang and Yen Bai, suggesting historical gene flow. AMOVA showed that 88% of genetic 
variation exists within populations, reinforcing strong intra-population diversity. The 
distinct genetic structure of Lao Cai tea suggests localized adaptation, while shared genetic 
traits between Ha Giang and Yen Bai indicate potential migration or hybridization. These 
findings highlight the necessity of in situ and ex-situ conservation strategies to safeguard 
Shan tea genetic resources, ensuring their long-term sustainability and potential for future 
breeding programs.
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