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Abstract

In the fields of agricultural, food and medical research, the potential impacts of tea on human
health are of special interest because tea (Camellia sinensis (L.) Kuntze) is continuously con-
sumed by many people in the world. The evaluation of the diversity of genotypes found in tea
germplasm can aid in the improvement of the breeding programme. In this study, the genetic
diversity of 30 tea genotypes from two commercial sites of tea production in Iran was inves-
tigated by using morphological and 12 ISSR markers. Morphological analysis showed that the
diversity between samples of tea was limited, and the narrow matching range was calculated.
In cluster analysis at level 0.63, samples were divided into four groups. The application of 12
ISSR primers produced 91 polymorphic bands. PIC test showed a range of 0.41–0.48. Based
on the ISSR data, the matching range was obtained in the range of 0.24–0.93. In cluster ana-
lysis, samples at level 0.58 were divided into five groups. According to the results, it can be
understood that these series of traits and primers can very well recognize genetic differences.
Using these markers, genetic diversity was observed among tea genotypes, but this diversity
was not such as to be able to separate genotypes of various regions from each other. The
results showed that the tea genotypes in Iran had high genetic diversity. As a consequence,
the findings of our study will help the development of tea germplasm conservation strategies
and their sustainable use in breeding programmes.

Introduction

Tea (Camellia sinensis (L.) Kuntze) from the family Theaceae is an evergreen, perennial and
cross-pollinate plant (Mondal et al., 2003; Shen et al., 2019), and its young leaves are becoming
one of the oldest caffeinated soft drinks in the world. This plant originates from the Yunnan
area of China (Chen et al., 2005) and it has been widely cultivated in different parts of the
world like Iran. Most tea plants are diploid (2n = 2x = 30). The genetic basis of tea under cul-
tivation in Iran is including three seed varieties with the names of Betjan, Dhonjan and
Rajghur (Ahmadishad et al., 2009). Classification and hierarchy of tea plant phytology in sci-
entific societies are debatable due to the self-incompatible, prolonged natural and artificial
hybridization of the plant that leads to the creation of a large number of hybrids with various
morphological states (Sealy, 1958; Li et al., 2023; Sharma et al., 2023). Based on leaf and
growth characteristics, the tea plant is divided into three groups: Chinese tea (small leaf)
with the scientific name C. sinensis (L.) O. Kuntze, Assam tea (big leaf) with the scientific
name of C. assamica (Masters) and Wight and Cambodia tea (broad leaf) with the scientific
name of C. assamica ssp. lasiocalyx (Planchon ex Watt). The Chinese variety has the highest
self-incompatible amount and the Cambodia variety has the lowest amount (Wight, 1956,
1959; Sealy, 1958).

Tea leaves contain several chemical components that have major physiological benefits,
including flavones, flavonols, phenolic acids, caffeine, amino acids, organic acids, monopolysac-
charides, lignin, photosynthetic pigments, ash and aromatic chemicals (Li et al., 2020; Samadi
and Fard, 2020; Vastrad et al., 2022). Polyphenols are significant aromatic components in tea
that have a lot of antioxidant activity and are good for our health (Kottawa-Arachchi et al.,
2019). Flavonoids, notably flavanols and organic acids, were the main polyphenols found in
tea leaves. Catechins, which make about 60–80% of tea’s polyphenols, are one of the most sig-
nificant of them. The number of polyphenols in tea fluctuates based on temperature and soil
changes. Tea has several medical qualities, including cardiovascular protection, cancer preven-
tion, diabetes prevention and obesity prevention (Pan et al., 2017; Tang et al., 2019). Tea leaves’
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photosynthetic pigments are also intimately linked to their medi-
cinal effects and color (Wang et al., 2019). Tea leaves from different
cultivars and geographical locations may have varied compositions
(Wen et al., 2020). Despite the occurrences described, only less
research on the genetic arrangement has been conducted. Crop
improvement in tea has mostly relied on selecting elite genotypes
through controlled cross-pollination, vegetative propagation in
the vault and distribution as a commercial clone to date (Raina
et al., 2012; Azka et al., 2019; Lee, 2019; Yadav et al., 2020).
Recent research studies have focused on DNA markers such as
restriction fragment length polymorphism (RFLP), randomly amp-
lified polymorphic DNA (RAPD), inter simple sequence repeats
(ISSR), cleaved and amplified polymorphic sequences (CAPS)
and amplified fragment length polymorphism (AFLP) for deter-
mining the characterization and identification of germplasm, and
cases related to genetics in the tea (Raina et al., 2012; Azka et al.,
2019; Lee, 2019; Yadav et al., 2020). The identification of different
groups of tea by morphological and biochemical descriptors is
highly developed, but there are limited levels for identifying differ-
ences due to environmental factors. Hence, molecular DNA mar-
kers are a more accurate tool for assessing the genetic diversity
and genetic association of the tea plant (Lee, 2019). In addition,
morphological markers have been widely used to study tea plant
diversity, and these studies have been able to identify the available
diversity (Azka et al., 2019). To date, various molecular markers
such as RFLP (Matsumoto et al., 2004), RAPD (Chen et al.,
2005; Ahmadishad et al., 2009; Ramakrishnan et al., 2009; Roy
and Chakraborty, 2009; Huseynov et al., 2022), AFLP
(Balasaravanan et al., 2003; Kafkas et al., 2009; Raina et al.,
2012), SSR (Azka et al., 2019; Lee et al., 2019) and ISSR (Yao
et al., 2008; Liu et al., 2009; Roy and Chakraborty, 2009;
Ben-Ying, et al., 2010), SRAP (Zhang et al., 2018; Khiavi et al.,
2020a) and SCoT (Zhang et al., 2018; Chaeikar et al., 2020;
Samarina et al., 2022) have been used to investigate the genetic
diversity and genetic relations of tea plant for different goals.

In Iran, studies on the genetic diversity of tea have been per-
formed on a limited number of clones and genotypes in the

north of the nation. Identifying and investigating the diversity
of genotypes in main areas under tea cultivation is one of the
important management challenges of the tea genetic breeding
programmes in the country, hence the present study focused on
extensively the genetic diversity of genotypes from two main com-
mercial sites of tea production that had not been investigated
before by morphological and molecular markers.

Materials and methods

Plant material

In this study, 30 genotypes of tea plant from two main commer-
cial sites (Kohbijar and Bazkiagorab areas) of tea production in
the southern region of the Caspian Sea were tested that had not
been investigated before (Table 1). Two-year-old tea plants were
propagated from single-leaf nodal cuttings from the desired
areas and cultivated in a completely randomized block design
(CRBD) with five replicates in a greenhouse with a photoperiod
of 16/8 (lightness/darkness) and relative humidity of 70–80% in
the Tea Research Institute in Lahijan city. The plants were
grown in three-litre pots and filled with cocopeat and perlite (at
a ratio of 2:1). The morphological and molecular diversity of
plants was studied 1 year after their establishment.

Morphology analysis

The average of five propagated plants from each genotype were
selected and statistical analysis was done to assess the morpho-
logical characteristics. To investigate morphological diversity, a
total of 30 quantitative and qualitative traits were studied based
on morphological data (Table S1). The studied traits were selected
based on the description letter introduced by the International
Plant Genetic Resources Institute (IPGRI) (IPGRI. 2000). The
data were first standardized by the Ntsys software and the YBAR
coefficient, and then, the matching matrix was calculated by the
same software based on the Euclidean distance coefficient. The

Table 1. Tea samples used in morphological and ISSR analysis

No. Scientific name Location Plant code No. Scientific name Location Plant code

1 C. sinensis Kohbijar K1 16 C. sinensis Bazkiagorab B3

2 C. sinensis Kohbijar K2 17 C. sinensis Bazkiagorab B4

3 C. sinensis Kohbijar K3 18 C. sinensis Bazkiagorab B5

4 C. sinensis Kohbijar K4 19 C. sinensis Bazkiagorab B6

5 C. sinensis Kohbijar K5 20 C. sinensis Bazkiagorab B7

6 C. sinensis Kohbijar K6 21 C. sinensis Bazkiagorab B8

7 C. sinensis Kohbijar K7 22 C. sinensis Bazkiagorab B9

8 C. sinensis Kohbijar K8 23 C. sinensis Bazkiagorab B10

9 C. sinensis Kohbijar K9 24 C. sinensis Bazkiagorab B11

10 C. sinensis Kohbijar K10 25 C. sinensis Bazkiagorab B12

11 C. sinensis Kohbijar K11 26 C. sinensis Bazkiagorab B13

12 C. sinensis Kohbijar K12 27 C. sinensis Bazkiagorab B14

13 C. sinensis Kohbijar K13 28 C. sinensis Bazkiagorab B15

14 C. sinensis Bazkiagorab B1 29 C. sinensis Bazkiagorab B16

15 C. sinensis Bazkiagorab B2 30 C. sinensis Bazkiagorab B17
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UPGMA algorithm was used in the Ntsys software to design clus-
ters based on the matching matrix. The studied traits are presented
in Table 2. Data analysis was done using SAS (Ver. 9.0) statistical
software and mean comparison was done by Duncan’s test.

DNA extraction and molecular analysis

The method used in the study by Dellaporta et al. (1983) was uti-
lized with a little change to extract DNA. The spectrophotometer
method and Nano Drop device were used to be determined the
quantity of the DNA extracted and to be determined its quality,
DNA was electrophoresed in a 0.8% agarose gel and a voltage
of 100 V.

The number of 21 ISSR primers for this study was investigated
on the samples to be optimized and selected the best primers,
ultimately, 12 numbers of them that had the best, strongest and
most repeatable propagating were selected to continue the inves-
tigation. The sequence of the used ISSR primers is presented in
Table S1. To run the polymerase chain reaction (PCR), a mix of
the material within each reaction contained the DNA template
(50 ng), PCR buffer (10×) (25.1 μl), magnesium chloride (2
mM), each dNTP at 0.2 mM, Taq polymerase enzyme (1 U)
and primer (0.75 μM), which finally, these were added to distilled
water until it reached the volume of 5.12 μl. The conditions of the
polymerase chain reaction for the primers were also set as follows:
Firstly, the reaction solution was placed for 4 min at 94°C. Then,
this solution entered the second step, which the step was 35
cycles, and the conditions were set as follows: 94°C for 1 min,
52°C for 1 min, and 72°C for 1 min and 30 s, and the reaction
solution was kept at 72°C for 7 min to finally propagate. Then,

the samples were kept at 4°C until the electrophoresis time. A
Bio-Rad thermal cycler system (i-Cycler) was used.

Statistical analysis

Products propagated were separated into the ratio of 5 μl of PCR
products, 3 μl of loading buffer and 2 μl of gel red (Biotium, USA)
in a 1.5% agarose gel under a constant voltage of 90 V for 120 min
and under UV light, the gel was photographed by the gel docu-
mentation system (Biometra). The high-resolution and unam-
biguous polymorphic bands in the agarose gel of primers
according to the existence and absence were scored as 0 and 1,
respectively. Uncertain bands with a low resolution, which are a
sign of lack of desirable propagating for different reasons (such
as lack of correct primer connection or competition between
the positions of primer connection, etc.) and also the mono-
morphic bands were absent in the scoring. Polymorphic informa-
tion content (PIC) was calculated by the Excel software based on
the equation of PICi = 2fi (1−fi) that has been recommended for
dominant markers. In the equation, fi is the frequency of ith frag-
ment marker in a state of existence and (1−fi) is the frequency of
ith fragment marker in a state of absence (Roldan-Ruiz et al.,
2000). After forming the matrix of zero and one and transferring
them to the Ntsys software, the SM matching coefficient matrix
was formed and cluster analysis of samples was done by the
UPGMA algorithm. In addition, separating into original compo-
nents was done by the SPSS software. The data were used to cal-
culate allele frequencies (na), the number of effective alleles (ne),
Shannon index (I), diversity within population (Hs), total diver-
sity (Ht) and the ratio of diversity between population to the
total diversity (Gst) by the Popgene software.

The dataset analyzed included morphology and ISSR (binary)
data. Principal variance analysis (PVA) was utilized to identify the
most influential variables contributing to the overall variance,
thereby revealing the key factors influencing the dataset.
Principal coordinate analysis (PCoA) was used to visualize the
relationships between samples in a reduced-dimensional space,
thereby facilitating the identification of clusters and patterns.
For the analysis, the R statistical software with dedicated utilities
for PVA and PCoA was utilized, allowing for accurate data pro-
cessing and visualization.

Results

Morphology analysis

Identifying the morphology was done based on the description
letter recommended by the IPGRI Institute with the application
of 30 quantitative and qualitative traits in some tea genotypes col-
lected from two main tea-growing areas of Kohbijar and
Bazkiagorab, Iran. Comparison analysis in 30 tea plant samples
showed little variety. In this study, traits related to leaf and stem
were used (Table S1).

Based on the morphology data and the Euclidean distance
coefficient, and the UPGMA algorithm, the samples were divided
into four groups at the different level of 0.63, as observed in Fig. 1.
The first and third groups (A and C), each had three members.
Group two (B) was the largest, so that included about 53% of
the total samples. This group was divided into four subgroups
at the level of 0.50, the first (B-1), second (B-2), and third
(B-3) subgroups, have two, three, and four members, respectively,
but the fourth subgroup had seven members was the largest

Table 2. Investigated morphological characteristics

No. Characters No. Characters

1 Plant height 16 Leaf shape

2 Internode length 17 Leaf upper
surface

3 Length of mature leaf 18 Leaf apex
shape

4 Width of mature leaf 19 Leaf apex habit

5 Length/ Width of mature leaf 20 Leaf base
shape

6 Length of mature leaf petiole 21 Leaf margin

7 Tree habit 22 Leaf size

8 Growth habit 23 Leaf angle

9 Stem type 24 Leaf venation

10 Stem color 25 Leaf pose
(angle)

11 Branch angle 26 Leaf waxiness

12 Pigmentation in young leaves (in
growth season)

27 Petiole color

13 Pigmentation in young leaves (in
off season)

28 Shoot density

14 Immature leaf color 29 Young shoot
color

15 Mature leaf color 30 Mature shoot
color
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subgroup of this main group. The fourth group with eight mem-
bers included about 27% of the study samples. Based on the
amount of matching calculated between the samples observed
that the difference range between the samples was very limited
and the samples showed little variation based on the morpho-
logical data.

Molecular analysis

12 ISSR primers were used in four tea samples based on the repro-
ductive power and repeatability to be investigated the genome
diversity of 30 tea extensions collected from two commercial tea
sites in Iran, after studying 21 primers that were absent in this
study. The used primer information is presented in Table S1.
Among the 12 primers used, 111 bands that had desirable charac-
teristics, were identified for study, and 91 bands showed poly-
morphic mode (81.98% of bands were polymorphic).

The average number of bands for each primer was 9.25, and
the average number of polymorphic bands for each primer was
7.58. Primer P9 with the production of 16 bands and primers
P2 and 911 with the production of 6 bands had the highest and
lowest number of total produced bands. Primers P9 and P5,
with the number of 11 and 5 bands (respectively), had the highest
number of polymorphic bands. One hundred percent of bands
produced in four primers of P9, P7, P10 and P11 also had a poly-
morphic mode. Changes in polymorphism percentage ranged
from 68.75 to 100%. The reproduced fragments were in size
from 100 to 2000 bp, but the range of fragments to be examined
was 200–1500 bp.

To identify the potential of primers used in the present study,
the amount of the polymorphic information content (PIC) was

calculated for the primers, the maximum amount of PIC was
for primer P2 at the amount of 0.48 and the minimum amount
for primers P1 and P10 (0.41). The total polymorphic informa-
tion content was calculated at 0.45. Table S1 clearly shows that
all primers have high PIC, demonstrating their strong ability to
identify and distinguish differences. Some samples that have
been spread using the ISSR4 marker are shown in Figure S1.

The cophenetic coefficient was calculated for three coefficients
of DICE, Jaccard and simple matching to determine the best coef-
ficient for calculating the 2-by-2 matching matrix and cluster ana-
lysis. Furthermore, the simple matching coefficient had the lowest
rate of cophenetic coefficients (0.81). This coefficient indicates
how much the data of the calculated matching matrix has been
transferred to the designed cluster. On this basis, the simple match-
ing coefficient to calculate the matching matrix and the UPGMA
algorithm to design the cluster was used. The amount of matching
of the samples was done by using the simple matching coefficient,
and the maximum and minimum matching obtained was 0.93 and
0.24, respectively, and the average amount of matching was calcu-
lated as 0.62. The maximum amount of matching was between the
two samples of G12 and G13, and the minimum amount was
between the two samples of G9 and G24.

The samples were analyzed under the cluster based on the data
obtained from the ISSR markers by the simple matching coeffi-
cient (SM) and the UPGMA algorithm. In the cluster obtained
at the matching level of about 58%, the samples were divided
into five groups. Figure 2 shows graphs resulting from the ISSR
data and how to place the samples.

According to the molecular data in the cluster analysis, sam-
ples were divided into five groups at the matching level of 0.58,
in which the first group (A) had a member and was isolated at

Figure 1. Dendrogram of 30 tea samples using morphological markers based on UPGMA.
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the greatest distance from the other samples at the level of 54%.
The second group (B) which had two members was isolated at
the level of approximately 0.55 from other samples. The third
group (C) which included the six samples was isolated at the
level of 0.55 from other samples. The fourth group (D) also had
four samples, which were isolated at the level of 57% from the
others. The fifth group (E) was the main group, which was iden-
tifiable in the cluster analysis with the number of 17 members
(56.66% of the total examined samples). This group was also
divided into four subgroups at the matching level of 0.66. The
first two subgroups (E-1 and E-2) were limited in terms of the
number of members (E-1 = 1 member, E-2 = 3 members), but
the third and fourth two subgroups (E-3 and E-4), each having
seven and six members (respectively), totally included about
45% of the total examined samples.

PCA analysis

The PCA analysis was performed to evaluate the genetic diversity
of tea genotypes based on morphological traits. Six quantitative
and 24 qualitative characteristics, for a total of 30, were evaluated.
The analysis revealed a small quantity of variation in the morpho-
logical characteristics, indicating a low degree of diversity among
the tea samples. Although there were minor differences in charac-
teristics such as branch angle, leaf tip and blade margin shape,
internode length, and blade size (length and breadth), the overall

morphology was similar. The samples were separated into four
distinct categories using cluster analysis with a similarity thresh-
old of 0.50 (Fig. 3).

PCoA analysis

A PCoA analysis was conducted using ISSR markers to investigate
the genetic diversity of tea genotypes. Utilizing a total of 12 ISSR
primers resulted in the formation of 91 polymorphic bands. With
a range of 0.41–0.48, the Polymorphic Information Content (PIC)
test identified informative markers for assessing genetic diversity.
The PCoA analysis based on the ISSR data revealed a higher level
of genetic diversity, with the tea genotypes exhibiting distinct
clustering patterns. At a similarity level of 0.58, the samples
were organized into five separate clusters (Fig. 4).

Heatmap

The heatmap data provide a visual representation of the coordi-
nates of tea genotypes in a multi-dimensional space based on
five dimensions (Dim.1 to Dim.5) obtained from the analysis
(Figure S2). Each dimension corresponds to a combination of
morphological or ISSR parameters. The values in the heatmap
indicate the relative positions of the tea genotypes along each
dimension, allowing for the observation of patterns and trends
in their distribution (Figure S2).

Figure 2. Dendrogram of 30 tea samples using the ISSR markers based on UPGMA.
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Figure 3. Combined PCA plots showcasing the genetic diversity of tea genotypes. (a) PCA plot based on morphological parameters highlights the limited variance
among the tea samples, indicating a morphologically homogeneous population. PH, Plant height; Interodal L, Internodal length; AMLL, Average mature leaf length;
AWML, Average width of mature leaf; LLWR, Leaf length to width ratio; PLML, Petiole length of mature leaf; TF, tree form; GH, Growth habit; BF, branch form; BC,
branch color; SA, stem angle; CYLDGS, Coloring in young leaves during the growing season; CYLRS, Coloration in young leaves in the recession season; ILC,
Immature leaf color; CML, Color of mature leaves; Lshape, leaf shape; lea, The upper surface of the leaf; STL, The shape of the tip of the leaf; LTGH, Leaf tip growth
habit; SBL, The shape of the base of the leaf; LM, leaf margin; Lsize, leaf size; LA, leaf angle, streaking; HPLP, How to place leaves on the plant; WL, Waxiness of the
leaf; LC, Leaf color; BD, Branch density; CYB, The color of the young branch; YMB, Young mature branch. (b) PCA plot using ISSR primers demonstrates the effect-
iveness of molecular markers in identifying genetic differences among the tea genotypes.

Figure 4. Combined PCoA plots revealing the clustering patterns of tea genotypes. (a) PCoA plot based on morphological parameters displays distinct clusters,
providing insights into the genetic diversity of the tea genotypes. (b) PCoA plot using ISSR primers highlights discrete clusters, indicating significant genetic vari-
ation among the tea genotypes.
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Discussion

Morphological analysis

Comparative analysis of 30 morphological traits in tea genotypes
showed that there is only a small amount of variance. Although
morphological and phytochemical characteristics can vary
depending on climate and genetic changes (Ghanbari et al.,
2022), morphological features continue an important and funda-
mental step in the accurate classification of plants (Kaouther et al.,
2017; Ghanbari et al., 2023). However, in some circumstances,
morphological data are insufficient to generate trustworthy con-
clusions that are consistent with molecular results (Zare Hoseini
et al., 2022). Based on the Euclidean distance coefficient, the
dual matching matrix of the samples was calculated, and this
revealed a little difference. The narrow difference range for
morphology was found in earlier investigations on the tea germ-
plasm (Beris et al., 2016; Khiavi et al., 2020b) Conversely, Chen
et al. (2005) showed a significant level of variation within several
Camellia species. According to the results of the research of
Khiavi et al. (2020b) on the diversity of tea plants in Lahijan,
the range of differences between samples based on the
Euclidean distance coefficient is much more limited than the
range calculated in the present study. They expressed the max-
imum and minimum difference of 1.74 and 0.19, respectively,
the main reason for which can be due to the limited sampling
area and also the smaller number of studied traits in their
study. In research looking at the morphological diversity of
Mexican limes lime (Citrus aurantifolia (Christm) Swingle) in
the southern region of Iran, whose propagation is mostly by
seeds, Khiavi et al. (2016) observed considerable variations.
These findings support the findings of the current study because
the grown tea in Iran is reproduced using seeds from a single spe-
cies (C. sinensis (L.) O. Kuntze).

According to the results of the present study, it can be
expressed that the amount of difference range obtained in the
studied collection is accepted. Various reasons for limiting the
observed differences are noteworthy, which is the most important
reason back to enter the plant tea in the past that the origin of all
tea plants available in the germplasm of tea plant in Iran is result-
ing from seed propagation obtained from open pollination of
three initial masses. A high matching range has also been reported
with the use of AFLP markers (Kafkas et al., 2009) and ISSR mar-
kers (Beris et al., 2016) in studying the genetic diversity of tea
plants in Turkey, where tea plants are imported similar to Iran.
On the other hand, since the propagation tea plant was through
seed in Iran in the past, seedlings were selected that had suitable
characteristics for cultivation in the original place, such as starting
to grow early in the early season or getting into the late dormancy
at the end of the growing season, longer internode length and lar-
ger leaf size. Furthermore, due to the limited genetic diversity of
the imported plants, reducing the genetic diversity is generally
observed, which in these cases is known as a heterozygosity reduc-
tion (H) (Doebley, 1989).

The samples were sorted into four groups at the different level
of 0.63 based on the morphological data, the Euclidean distance
coefficient, and the UPGMA algorithm, as shown in Fig. 1. The
estimated degree of matching between the samples revealed that
the range of difference between them was extremely limited and
that the samples showed just a little amount of variance based
on the morphological data. These four groups’ formation and sep-
aration may be explained by the fact that some morphological
traits might change as a result of free confluence, as well as

geographic and environmental factors. Despite the use of different
accessions originating from Iran’s tea-growing commercial areas,
which are geographically wide, the lack of distribution of samples
based on geographical areas was observed in cluster analysis. This
result is similar to previous findings and the reason is the same
primary origin of tea plants (C. sinensis) in the past (Chen
et al., 2005; Ben-Ying et al., 2010; Chaeikar et al., 2020).

This type of clustering algorithm has received approval in earl-
ier research (Rajanna et al., 2011; Khiavi et al., 2020b), and this
grouping is generally consistent with the morphology and sys-
tematics of the species of Camellia that are currently known
(Wright, 1962; Balasaravanan et al., 2003; Ramakrishnan et al.,
2009; Rajanna, et al., 2011).

In general, it is possible to identify the samples using these
markers based on the morphological information in the Iranian
germplasm, according to earlier publications and the findings of
the current study. However, more exact methods, such as molecu-
lar markers, are required to detect with more accuracy.

Molecular analysis

Out of the 12 primers utilized, 111 bands with desired properties
were found for further analysis, and 91 bands displayed poly-
morphic mode (81.98% of bands were polymorphic). According
to the results of other similar studies on tea plants (Thomas
et al., 2006; Roy and Chakraborty, 2009; Khiavi, 2020b), the
rate calculated percentage is acceptable. In a study of the diversity
of tea plants obtained from the somaclonal variation, Thomas
et al. (2006) reported a percentage of polymorphism of around
53%, while in research by Roy and Chakraborty (2009) to analyze
the genetic diversity, this amount has been reported to be 88.54%.
Yao et al. (2008) reported a very high percentage of polymorph-
ism (99.7%) in their study of the genetic diversity of tea plants in
China, Japan and Korea, which is due to the size of the sampling
areas. As a result, their findings cannot be used to reject the poly-
morphism percentage found in the current study, because when
we refer to the results of each country alone, polymorphism per-
centages are reduced and approached the range of the present
study, so that, for China, where four tea growing areas have
been sampled, the range of polymorphism percentage ranges
from 54.2 to 88.2, and due to that Iranian tea plants originate
from China, it was observed that the polymorphism percentage
obtained in the study was strongly close to the maximum
obtained in China.

The average number of bands and polymorphic bands for each
primer was 9.25 and 7.58, respectively. Changes in polymorphism
percentage varied from 68.75 to 100%; a similar range was
reported in the research by Thomas et al. (2006). The size
range of the replicated fragments was 100–2000 bp, whereas the
range of the fragments that were to be inspected was 200–1500
bp. The range of the reproduced fragments by the ISSR markers
was likewise the same in the research by Ben-Ying et al. (2010).

The total polymorphic information content was calculated at
0.45. It should be noted that about the amount of polymorphic
information content for co-dominant markers such as ISSR, the
maximum amount of polymorphic information content is 0.50
and the higher the calculated PIC value is closer to this, the
greater the marker power used to distinguish and identify sample
differences (Roldan-Ruiz et al., 2000).

Given that polymorphism information content must be
between 0 and 0.5 and that the amount of polymorphic informa-
tion content calculated is closer to 0.5, which indicates a better
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sample resolution, it can be mentioned that the markers used have
a very good ability to separate the tea samples. Khiavi et al. (2016)
reported the range of changes of PIC from 0.42 to 0.49 in evalu-
ating the genetic diversity of limes of Iran in the southern region
that is the same genus and species and their propagation generally
is through seed. They stated that the range of the amount of PIC
indicated the high ability of this marker to examine the genetic
diversity in the plant under study. As is clear in Table S1, all
the primers have a high PIC, indicating their high power in sep-
arating and identifying the differences. Previous studies also have
confirmed that this group of markers is suitable for evaluating the
genetic diversity of the tea plant (Liu et al., 2009; Roy and
Chakraborty, 2009; Ben-Ying, et al., 2010).

Using the basic matching coefficient, the amount of matching
between the samples was determined. The greatest and minimum
matching values were 0.93 and 0.24, respectively, and the average
amount of matching was found to be 0.62. This level of matching
is acceptable according to the results of the morphological section
and these two indicators confirm each other. Therefore, it can be
concluded that the two methods of morphology and ISSR markers
are suitable for identifying differentiation within the genus
Camellia. Liu et al. (2009) reported an average amount of match-
ing of 50% to determine the genetic relationships related to the
germplasm of tea by using the ISSR markers. Yao et al. (2008) cal-
culated the matching range around 0.54– 0.16 in studying the
genetic diversity of tea plants in China, Japan and Korea, this
amount is less than that of the present research, due to extending
the range investigated in their study. The high rate of matching
obtained (0.93) is consistent with the studies by Kafkas et al.
(2009) in the investigation of the genetic diversity of tea plants
in Turkey using the AFLP marker. They calculated the maximum
amount of matching 92%, which is accepted due to importing tea
plants to these two countries (Iran and Turkey), and the high
amount of matching between the samples obtains concerning
seed propagation of the plant in the past. In addition, Ben-Ying
et al. (2010) obtained the same amount of matching (the average
matching of 0.51) with the application of ISSR markers in study-
ing tea plants in Yunnan area, China. Given that the tea plant cul-
tivated in Iran origins from China, this shows the close
relationship of samples cultivated in Iran.

Samples were sorted into five groups at the matching level of 0.58
based on the molecular information in the cluster analysis. An
extremely significant finding from the cluster analysis of the samples
using ISSR markers was the lack of a clear geographic trend in the
groups, whichwas also seen in themorphological analysis. In general,
ISSR markers are highly useful for analyzing the genetic diversity of
tea germplasm sources, and their application in this context is
extremely logical (Liu et al., 2009; Roy and Chakraborty, 2009;
Ben-Ying et al., 2010). This molecular marker is sensitive to detect
the genetic relationship between people with close relationships
(Wolfe and Liston, 1998). The results of using the ISSR marker to
examine the degree of genetic diversity among the genotypes of the
teas under investigation in this study show that there are not many
differences between single tea samples from tea growing regions,
and if there are anydifferences at all, theyarenot related togeographic
distribution. Of course, to fully describe the topic, it is necessary to
look at regional demographics, and ever-more-accurate markers
like SSR andAFLP. The findings of this study are anticipated to assist
scientists in designing breeding programs for certain goals, such as
the introduction of novel, high-performing cultivars, managing
biotic and abiotic challenges, and calculating and defining more
appropriate crossings.

PCA and PCoA

The results of the PCA analysis revealed that the morphological
traits of the tea genotypes exhibited a restricted range of variation.
This discovery suggests a population with relatively uniform mor-
phological characteristics. In contrast, the PCoA analysis based on
ISSR markers revealed the genetic diversity of the tea genotypes,
indicating a greater level of variation. The PCoA plot’s clustering
patterns provided additional evidence for the existence of discrete
genetic groups within the tea population.

The divergent outcomes of the PCA and PCoA analyses
emphasize the necessity of using molecular markers, such as
ISSRs, for a comprehensive evaluation of genetic diversity. The
ISSR markers revealed a larger genetic diversity than may be cap-
tured by morphological characteristics alone. This indicates that
molecular markers can provide a more precise and exhaustive
comprehension of the genetic structure and diversity of tea
genotypes.

The findings indicate that tea genotypes from the southern
region of the Caspian Sea contain valuable genetic resources.
ISSR analysis revealed a high level of genetic diversity, which
enables the use of these genetic resources in breeding programs
aimed at developing tea cultivars with desirable traits.

Overall, the results of the PCA and PCoA analyses highlight
the need to integrate morphological and molecular marker-based
approaches in order to acquire a comprehensive understanding of
the genetic diversity of tea genotypes. These findings have impli-
cations for the conservation of germplasm, breeding programs
and the sustainable use of tea genetic resources in the southern
Caspian Sea region.

Morphology heatmap

The heatmap based on morphology (Figure S2) demonstrates the
effect of specific morphological traits on the positioning of tea
genotypes. Internode length, leaf size, leaf shape, and leaf color
all substantially contribute to the segregation of genotypes along
distinct dimensions. This indicates that these traits are essential
for distinguishing tea genotypes on the basis of their morpho-
logical characteristics.

ISSR-based heatmap

The ISSR-based heatmap (Figure S2) illustrates the effect of ISSR
markers on tea genotype clustering. The clustering of genotypes
with comparable ISSR banding patterns suggests their genetic
relatedness. Genotypes are positioned along various dimensions
based on the presence or absence of specific ISSR markers. This
demonstrates the significance of ISSR markers for capturing gen-
etic variation and distinguishing tea genotypes according to their
genetic profiles.

The combined heatmap analysis combines morphological and
genetic data to provide a comprehensive view of the relationships
between tea genotypes. It demonstrates that the combination of
morphological traits and ISSR markers improves our knowledge
of the genetic diversity and relatedness of tea genotypes. The inte-
gration of these datasets contributes to the characterization and
differentiation of tea genotypes by enabling the identification of
distinct groups and patterns. These data are useful for breeding
programs, germplasm preservation, and the selection of elite
tea individuals. Additional research incorporating additional
molecular markers and phenotypic traits would enhance our
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comprehension of tea genetics and facilitate the creation of
improved tea varieties.

Based on the findings of the analysis of 30 morphological traits
in tea genotypes, including six quantitative traits and 24 qualita-
tive traits, it has been shown that there is only a small amount of
variance. Although some of the studied tea samples displayed
modest and subtle changes in traits like branch angle, the shape
of the leaf tip and blade margin, internode length, blade size
(length and width), etc., they were all morphologically compar-
able. The samples were split into four groups according to the
cluster analysis at the 0.5 level. By using 12 ISSR primers, 91 poly-
morphic bands were produced. The range of the PIC test was
between 0.41 and 0.48. The matching range was determined in
the range of 0.24–0.93 using the ISSR data. Samples at level
0.58 were divided into five groups using cluster analysis.

The findings suggest that these traits and primers are particu-
larly effective in identifying genetic differences. These markers
allowed for the observation of genetic variation among tea geno-
types, but this diversity was insufficient to distinguish between
accessions from different geographical locations. The findings
demonstrated the considerable genetic diversity of Iranian tea
genotypes. As a result, more focus should be placed on identifying
and preserving new elite tea individuals in gene banks to access
appropriate selection strategies, breeding programmes and
germplasm.

Conclusion

Based on the findings of the analysis of 30 morphological traits in
tea genotypes, including 6 quantitative traits and 24 qualitative
traits, it has been shown that there is only a small amount of vari-
ance. Although some of the studied tea samples displayed modest
and subtle changes in traits like branch angle, the shape of the leaf
tip and blade margin, internode length, blade size (length and
width), etc., they were all morphologically comparable.

The samples were split into four groups according to the clus-
ter analysis at the 0.5 level. By using 12 ISSR primers, 91 poly-
morphic bands were produced. The range of the PIC test was
between 0.41 and 0.48. The matching range was determined in
the range of 0.24–0.93 using the ISSR data. Samples at level
0.58 were divided into 5 groups using cluster analysis. The find-
ings suggest that these traits and primers are particularly effective
in identifying genetic differences. These markers allowed for the
observation of genetic variation among tea genotypes, but this
diversity was insufficient to distinguish between accession from
different geographical locations. The findings demonstrated the
considerable genetic diversity of Iranian tea genotypes.

In conclusion, the PCA and PCoA analyses of tea genotypes
from the southern region of the Caspian Sea revealed key insights
into their genetic diversity. The PCA analysis of morphological
characteristics revealed restricted variation among the tea sam-
ples, indicating a morphologically homogeneous population.
The PCoA analysis based on ISSR markers, on the other hand,
revealed a greater level of genetic diversity and discrete clustering
patterns among the tea genotypes. These findings highlight the
significance of molecular markers in obtaining a more complete
picture of genetic diversity than morphological traits alone. The
observed genetic diversity among tea genotypes is indicative of
the region’s rich genetic resources. These results have implications
for the development of tea breeding programs as well as the con-
servation and sustainable use of tea germplasm. For a more com-
prehensive understanding and application of tea’s genetic

resources, it would be beneficial to conduct additional research
that integrates multiple methods. By leveraging the genetic diver-
sity present in Iranian tea genotypes, appropriate selection strat-
egies, breeding programmes and germplasm conservation efforts
can be implemented to enhance the future of tea cultivation
and utilization.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S147926212300045X.
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