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Abstract

Tea (Camellia sinensis (L.) Kuntze) leaves are an important beverage crop due to their high
caffeine content. Although the north of Iran is the main region for high-quality tea plants,
there is no document on variations of phenotypic traits of different accessions. The present
study was to assess the biodiversity of 12 tea accessions originating from four tea main
sites in Iran (Langroud, Siahkal, Kobijar and Bazkiaguorab) using multivariate analysis.
Two-year-old tea plants were cultivated in a completely randomized design with five replicates
in a greenhouse. One year after plant establishment, phenotypic characteristics were studied.
The tea accessions showed different responses in chlorophyll and total ash contents. The high-
est and lowest amount of caffeine in tea accessions was found in Kobijar A7 and Langroud A2,
respectively. Epicatechin was obtained in a 6.48–15.44 mg g−1 range, and the maximum vari-
ability was found in epigallocatechin gallate (EGCG), differing from 0.94 to 21.03 mg g−1.
Langroud A2 and Bazkiaguorab A11 contained the maximum EGCG and the total poly-
phenolic content in Bazkiaguorab was greater than other accessions. Heat map analysis
showed the maximum variability of EGCG, catechin, and GA among the accessions. The
main essential oil compounds were 2-pentyl furan followed by hexanal, gamma-terpinene,
octane, ortho-cymene, terpinen-4-ol, alpha-copaene and E-caryophyllene. In conclusion,
changes in phytochemical traits caused by genetics and origin can significantly alter the
quality of tea compounds. The results of this study can be utilized as raw materials in future
breeding projects to improve new cultivars with superior characteristics.

Introduction

Tea (Camellia sinensis L.) is an evergreen and perennial plant of the Theaceace family, which
grows in tropical and subtropical climates. Its young leaves are becoming one of the oldest caf-
feinated soft drinks in the world and it has been accepted as a healthy beverage of human life
for 3000 years and is a favourable drink for millions of people (Li et al., 2020). Although tea
originated in China, it has been widely cultivated in different parts of the world like Iran
(Khiavi et al., 2020a). Various chemical compounds, namely flavonols, flavanols, phenolic
acids, caffeine, amino acids, vitamins, minerals, organic acids, monopolysaccharides, lignin,
photosynthetic pigments, ash and aromatic substances are found in tea leaves that have
important effects on human health (Shen et al., 2019; Li et al., 2020; Samadi and Fard,
2020; Vastrad et al., 2022).

Polyphenols are important aromatic compounds in tea that have high antioxidant activity
and are beneficial for human health (Kottawa-Arachchi et al., 2019). The major polyphenols in
tea leaves were flavonoids, particularly flavanols and organic acids. Among these, catechins are
one of the most important components of tea, which include 60–80% of polyphenols. Tea pos-
sesses principal medicinal properties such as cardiovascular protection, anti-cancer, anti-
diabetes and anti-obesity (Pan et al., 2017; Tang et al., 2019). In addition, photosynthetic pig-
ments of tea leaves are strongly correlated with its medical properties and colour (Wang et al.,
2019).

The tea plant has been widely cultivated in the north of Iran as one of the main economic
products (Khiavi et al., 2020b). It is dried with different drying methods and then packaged
and used in the markets of Iran and other countries. There are many differences in the phyto-
chemical attributes of tea genotypes, which make different flavours for consumers.
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Additionally, because it is a main drink in Iran and many coun-
tries, there is a necessity to study the biochemical attributes of tea
plants in different accessions. Previously, the changes in phenolic
profile and antioxidant capacity of 30 tea genotypes have been
addressed by Tang et al., (2019). Yamashita et al., (2021) showed
different responses of tea tissues (leaf and stem) to main metabo-
lites in 30 tea accessions. Since tea grows in a variety of habitats
and has long since adapted to the local environment, it is believed
that each place has a unique accession. Evaluation of the morpho-
logical and biological characteristics of the many tea accessions in
each region can help with accessing the best breeding plans, selec-
tion strategies and germplasm management (Iezzoni and Pritts,
1991; Dargah et al., 2023). Plant breeders may get more knowl-
edge from this information as they search for new varieties.

The novelty of this research is to investigate the diversity of mor-
phological and biochemical attributes, particularly the essential oil
(EO) profile of various tea accessions originating from temperate
climates. This study hypothesized that there is a remarkable vari-
ability of biochemical properties, particularly polyphenols, photo-
synthesis pigments and EO constituents on the tea accessions
owing to the effect of variation in the conditions of the regions
where they originated and genotype factor. The research question
is whether different accessions of tea in Iran have different phyto-
chemical and morphological characteristics based on genetics and
geographic origin. Therefore, this work was carried out to study
the evaluation of the phenotypical diversity of 12 Iranian tea acces-
sions for the introduction of the elite accessions based on caffeine,
photosynthesis pigments, catechins, polyphenolic content, EOs
constituents and active components amount, also the relationships
among studied parameters were evaluated.

Material and methods

Plant materials

In this study, 12 tea accessions from Langroud (A1, A2, A3),
Siahkal (A4, A5, A6), Kobijar (A7, A8, A9) and Bazkiaguorab
(A10, A11, A12) areas as major tea growing sites in Iran were con-
sidered (Table S1). Two-year-old tea plants that were previously
propagated from single-leaf node cuttings in the target areas

were prepared from the Tea Research Institute nursery in
Lahijan City. Plants were cultivated in a completely randomized
design (CRD) with five replicates in a greenhouse with a day/
night photoperiod of 15/9 h, a temperature range of 16–26 °C,
and 85% humidity in 2020. The phytochemical and morpho-
logical diversity of plants was studied one year after their estab-
lishment in 2021 and 2022. The data of this research are the
average of two experimental times on tea accessions.

Morphological study

To investigate tea accession diversity, six quantitative traits were
studied based on morphological data (Table 1).

Chlorophyll (Chl) assay

The total Chl content was extracted according to Arnon (1949).
The 200 mg of fresh samples were homogenized in 8 ml of 80%
acetone. After that, the mixture was centrifuged at 4 °C for 15
min (3000 rpm). Supernatants were used to analyse total Chl con-
centration. The samples were read at 645 and 663 nm by a spec-
trophotometer and final amounts of Chl were calculated
according to the following equations:

Chl a (mg g-1) = [12.7 (A663) - 2.69 (A645)] ∗V/1000∗W

Chl b (mg g-1) = [22.9 A645) - 4.68 (A663)] ∗V/1000∗W

Total Chl (mg g-1) = [20.2 (A645)+ 8.02 (A663)] ∗V/1000∗W

where V: final volume of Chl extracted in 80% acetone; W: fresh
weight of the leaf powder used.

Total polyphenolic content (TPC)

TPC was measured by the Folin-Ciocalteu method using as a
reagent and gallic acid (GA) as standard by a spectrophotometer.

Table 1. Morphological traits of different tea accessions

Accession Height (cm) Internode length (mm) Leaf length (mm) Leaf width (mm) Leaf length to leaf width ratio Petiole length (mm)

A1 79.33 ± 2.05bc 27.3 ± 0.77d 63.7 ± 1.77e 29.63 ± 2.32de 2.17 ± 0.12c−e 6.36 ± 0.83a

A2 73.33 ± 3.68d−f 38.5 ± 0.91a 57.63 ± 2.41f 27.33 ± 0.74ef 2.1 ± 0.08d−f 4.25 ± 0.16b

A3 77 ± 2.45cd 22.5 ± 0.93e 68.47 ± 1.42d 34.37 ± 1.63c 2 ± 0.17ef 2.81 ± 0.09d

A4 82 ± 0.82b 23.27 ± 0.9e 72.3 ± 0.87c 30.23 ± 0.74d 2.4 ± 0.16ab 3.4 ± 0.3cd

A5 92 ± 2.45a 35.37 ± 0.95b 71.47 ± 1.63cd 29.37 ± 0.56de 2.47 ± 0.04a 5.84 ± 0.79a

A6 76.67 ± 0.94cd 38.43 ± 0.91a 84.53 ± 1.68a 37.33 ± 1.56b 2.3 ± 0.08a−d 6.12 ± 0.82a

A7 74 ± 2.45de 15.33 ± 1.03f 54.97 ± 2.13fg 22.57 ± 1.6g 2.4 ± 0.08ab 5.77 ± 0.32a

A8 80.67 ± 2.87bc 28.53 ± 1.42d 53.27 ± 2.45g 22.53 ± 0.83g 2.33 ± 0.08a−c 4.28 ± 0.32b

A9 73 ± 2.45d−f 32.37 ± 1.5c 57.5 ± 1.65f 28.57 ± 0.74de 2.03 ± 0.04ef 3.79 ± 0.16bc

A10 79 ± 2.45bc 15.67 ± 0.89f 51.43 ± 0.84g 21.6 ± 0.83g 2.4 ± 0.15ab 4.15 ± 0.09b

A11 71 ± 1.63ef 29.4 ± 0.91d 57.33 ± 0.8f 25.43 ± 1.58f 2.2 ± 0.07b−e 3.97 ± 0.18bc

A12 69 ± 2.45f 32.57 ± 0.74c 78.03 ± 1.22b 41.37 ± 1.65a 1.93 ± 0.04f 4.42 ± 0.16b

values are means ± standard deviation for five replicates. Different letters show significantly by Duncan multiples ranges test (P≤ 0.05).
Tea accessions originated from Langroud (A1, A2, A3), Siahkal (A4, A5, A6), Kobijar (A7, A8, A9) and Bazkiaguorab (A10, A11, A12).
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About 2 g of the sample was homogenized with 8 ml of 80% etha-
nol and centrifuged at 12,000 × g for 20 min. After that, 0.5 ml
supernatant was mixed with 500 μl of Folin-Ciocalteu in 15-ml
Falcons, and after 2 min, 1 ml of 7% sodium carbonate was
added to the reaction mixture. The final volume of this mixture
was increased to 6 ml using distilled water. The Falcons were
placed in a Banmari (30 °C) in the dark condition for 90 min.
The absorbance of the samples was also measured in a 725 nm
wavelength (Ouchikh et al., 2011).

Total ash amount

To measure total ash in tea, which is based on burning organic
matter in tea at a temperature of 525 ± 25 °C to reach a constant
weight. First, the mortar was heated in an oven at 525 ± 25 °C for
1 h, and after cooling in a desiccator, it was weighed. After that 5 g
of the dried sample were placed in the mortar in the oven for 2 h
until the samples were free of charcoal particles. After cooling the
samples, moisten them with some distilled water and dry them in
the oven again at the same temperature for 1 h. This process was
done till the difference between the two weights was less than
0.001 g. The weight percentage of total ash from the powdered
sample was calculated based on the dry matter using the following
formula according to ISO (1987).

M = m1 × 100
m0

× 100
RS

where, M = weight percentage of total ash, m1 = total ash weight
in g, m0 = Sample weight in g, RS = dry matter weight percentage.

Catechins and caffeine contents

Catechins and caffeine contents were determined according to the
method described by Horie and Kohata (2000). To extract, 25mg
of dry powder was added to 5-ml 50% (v/v) acetonitrile and shaken
(130 strokes per minute) for 1 h at 25 °C, and then centrifuged at
2000 × g for 15min at 4 °C. The supernatant was selected and
passed through a 0.45-μm polytetrafluoroethylene filter. The solu-
tion was stored at− 30 °C for further sanyasis by high-performance
liquid chromatography (HPLC). The HPLC was carried out with 5
μl of injection volume, column, 75mm× 4.6 mm× 2.6 μm
SunShell C18 column (ChromaNik Technologies Inc., Osaka,
Japan). The temperature of the column oven, 40 °C; photodiode
array detector, 190–400 nm. Eluent A and eluent B, ultra-pure
water:acetonitrile: 85% phosphoric acid were used as the mobile
phases at a flow rate of 1.0ml/min. Finally, the amounts of cate-
chins and caffeine were determined according to their standards.

Essential oil (EO) extraction

To extract the EO content, plant samples were dried in the shade,
and 100 g was utilized in a Clevenger device for 3 h. The isolated
EOs were preserved at −20 °C and dried with anhydrous sodium
sulphate in preparation for further analysis (Sefidkon et al., 2006).

Gas chromatography/mass spectrometry (GC/MS) and
compound identification

An Agilent 6890 GC with a BPX5 capillary column of 30mm× 0.25
mm and a film thickness of 0.25m was used to analyse the EO after it
had been diluted in hexane (1mgmL−1). The temperature of the col-
umn was fixed at 50 °C for 5min. It was then heated from that point

on by 3 °C per minute to 240 °C and then by 15 °C per minute to
300 °C. The split ratio was set to one-third, and the injector and
detector were set to 240 and 290 °C, respectively. Helium was
employed as the carrier gas at a flow rate of 0.5mLmin−1. In
terms of oven and column temperatures as well as flow pattern, the
GC/MS (Agilent 5973N mass detector) adhered to the GC’s protocol.

To determine the constituents, retention time (RT) and mass
spectra of the compounds were compared with information
from the Wiley library and the literature, as well as with those
of actual compounds. Using a combination of n-alkanes (C8–
C25), the components’ retention indices (RI) were computed
and they were further identified.

Statistical analysis

The data were analysed in a completely randomized design (CRD)
for 12 accessions. Data were analysed using SAS software version
9.2 and the mean of data was compared using the Duncan mul-
tiple range test. Agglomerative hierarchical clustering (AHC)
based on the Ward variance method and principal component
analysis (PCA) were performed using the XLSTAT software (ver-
sion 2022.4, ADDINSOFT INC.). The heat map was done by
CIMMiner based on one matrix CIM. Pearson correlation coeffi-
cient was done for biochemical and morphological traits using
SPSS (V.19).

Results

Morphological traits

According to the ANOVA, significant differences occurred in the
morphological traits among the accessions (P≤ 0.05).
Morphological properties showed various amounts between
accessions. The variability of 23 cm in plant height was recorded
among the tea accessions. Internode length differed from 15.33
mm in A7 to 38.5 mm in A2. In addition, A6 represented the
longer and wider leaves than other accessions. Petiole length
was found in a range of 2.81–6.36 mm, which A1 showed a higher
amount than others (Table 1).

Chlorophyll (Chl) content, ash and total polyphenolic content
(TPC)

Chl a was significantly (P≤ 0.05) changed among accessions. It
differed from 0.80 mg g−1 in A10 to 3.33 mg g−1 in A4
(Table 2). In total, tea plants collected from Bazkiaguorab showed
lower Chl a as compared with other accessions. Like Chl a, Chl b
represented different amounts between accessions. The maximum
and minimum Chl b were observed in A7 and A11, respectively.
Total Chl was found in a range of 0.94-4.15 mg g−1. A 4.4-fold
increase in total Chl content was observed in A6 relative to A11
(Table 2).

The variability of total ash and TPC were significantly (P≤
0.05) obtained between accessions. The A9 with 7.5% represented
the highest total ash, while its lowest amount was obtained in A11
to be 4% (Table 2). Although the accessions of Langarud showed
no significant changes, there were noticeable changes between the
accessions from other sites. Generally, accessions of Bazkiaguorab
had lower total ash when compared to the control (Table 2).
Unlike total ash, Bazkiaguorab accessions, particularly A10 and
A11, showed a higher TPC relative to other accessions.

Plant Genetic Resources: Characterization and Utilization 445

https://doi.org/10.1017/S1479262123000928 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262123000928


Interestingly, A6 and A7 possessed the lowest TPC with 3.4 and
3.2-fold decreases compared to A11 (Table 2).

Caffeine and gallic acid (GA)

The significant (P≤ 0.05) differences of caffeine and catechin, as the
main ingredients of tea, were obtained in tea accessions (Table 2).
Caffeine differed from 4.37mg g−1 in A2 to 9.43mg g−1 in A7.
The minimum variability of caffeine was addressed in the accessions
of Bazkiaguorab, ranging from 4.50 (A12) to 4.81 (A11) mg g−1

(Table 2). In addition, GA in A9 and A10 possessed higher amounts
when compared to other accessions. It was obtained in a wide range
of 0.10–7.46 mg g−1. The minimum variability in GA was obtained
in accessions of Langarud (Table 2).

Catechins

The catechins, represented significant (P≤ 0.05) variability
between accessions. Catechin in A9 (2.88 mg g−1) from the
Kobijar site was significantly higher than other accessions. The
high variability of catechin was observed in accessions collected
from Kobijar, where a 3.5-fold increase of catechin was reported
in A9 relative to A8 (Table 2). Epicatechin in A10 reached
the highest amount. It ranged from 6.48 mg g−1 in A5 to 15.44
mg g−1 in A10 (Table 2). Interestingly, EGCG in accessions of
Langarud and Bazkiaguorab was greater when compared to
other accessions. It was found in a wide range of 0.94–21.03
mg g−1 (Table 2).

Multivariate analysis of phytochemical and morphological
traits

According to PCA of biochemical traits, F1 and F2 explained
72.67% of changes with 43.39% for F1 and 29.28% for F2
(Fig. 1a). F1 described A6, A8, A11, A12 and F2 justified A1,
A5, A9 and A10. For traits, Chl a, Chl b, total Chl, total ash,
TPC and EGCG were described by F1, and catechin, epicatechin,
and GA were justified by F2. Therefore, among the catechins,
EGCG possessed different behaviour between accessions. As
expected, all Chl attributes and ash showed similar trends between
accessions. Catechin was positively correlated with epicatechin
and GA. However, TPC and EGCG were negatively correlated
with Chl and Ash contents (Fig. 1a). All morphological traits
were justified by F1; therefore, PCA was not appropriate for mor-
phological variability among tea accessions (Fig. 1b).

AHC showed three clusters of accessions, where cluster 1
included A1, A2, A3, A4, A5, A6, A7 and A8; cluster 2 consisted
of only A9; and A10, A11 and A112 were placed in class 3
(Fig. 1c). For morphological traits, A1, A3 and A4 were placed
in cluster 1; cluster 2 included A6 and A12; cluster 3 consisted
of A2, A7, A8, A9, A10 and A11 (Fig. 1d).

Heat map of phytochemical and morphological traits

The heat map represents the distribution of traits based on colour
value, ranging from blue (the minimum) to red (the maximum).
Accordingly, EGCG, catechin and GA showed the maximum vari-
ability, while ash, caffeine and epicatechin had the minimum
changes between the accessions. According to its clustering, A9,
A10, A11 and A12 were presented in a separate cluster (Fig. 1e).Ta

b
le

2.
P
hy
to
ch
em

ic
al

tr
ai
ts

of
di
ff
er
en

t
te
a
ac
ce
ss
io
ns

fr
om

Ir
an

Ac
ce
ss
io
n

Ch
l
a
(m

g
g−

1 )
Ch

l
b
(m

g
g−

1 )
To

ta
l
Ch

l
(m

g
g−

1 )
To

ta
l
As
h
%

TP
C
%

CA
F
m
g
g−

1
G
A
m
g
g−

1
Ca

te
ch
in
e
m
g
g−

1
Ep

ic
at
ec
hi
n
m
g
g−

1
EG

CG
m
g
g−

1

A1
3.
14

±
0.
05

b
0.
13

±
0.
01
7f

3.
27

±
0.
16

c
6
±
0.
09

c
5.
05

±
0.
18

h
7.
03

±
0.
11

b
c

1.
75

±
0.
02

d
0.
81

±
0.
03

e−
g

7.
9
±
0.
2h

17
.9
±
0.
45

b

A2
2.
41

±
0.
24

e
0.
14

±
0.
00
9f

2.
55

±
0.
08

e
6
±
0.
02
1c

5.
65

±
0.
12

g
4.
37

±
0.
13

g
1.
83

±
0.
12

d
0.
70

±
0.
03

fg
8.
45

±
0.
19

g
21
.0
3
±
0.
74

a

A3
2.
74

±
0.
27

cd
0.
17

±
0.
01
2e

f
2.
91

±
0.
11

d
6
±
0.
15

c
7.
4
±
0.
05

f
7.
23

±
0.
08

b
1.
73

±
0.
02

d
0.
96

±
0.
02

e
7.
51

±
0.
26

i
16
.3
3
±
0.
41

c

A4
3.
33

±
0.
12

a
b

0.
26

±
0.
02
2d

3.
59

±
0.
11

b
6
±
0.
08

c
7.
95

±
0.
05

e
4.
74

±
0.
06

f
1.
46

±
0.
02

e
0.
67

±
0.
02

g
11
.0
3
±
0.
26

c
0.
94

±
0.
22

i

A5
2.
73

±
0.
12

cd
0.
13

±
0.
00
8f

2.
86

±
0.
09

d
5.
5
±
0.
08

d
9.
45

±
0.
09

c
6.
83

±
0.
09

c
0.
10

±
0.
01

g
1.
19
8
±
0.
02

d
6.
48

±
0.
21

j
3.
84

±
0.
31

g

A6
3.
59

±
0.
13

a
0.
55

±
0.
04

c
4.
15

±
0.
1a

7
±
0.
07

b
3.
65

±
0.
09

j
5.
96

±
0.
2d

1.
23

±
0.
04

e
0.
89

±
0.
03

ef
8.
66

±
0.
49

g
2.
31

±
0.
36

h

A7
2.
47

±
0.
11

d
e

0.
75

±
0.
09
3a

3.
22

±
0.
04

c
6
±
0.
09

c
3.
9
±
0.
10

i
9.
43

±
0.
12

a
4.
3
±
0.
4b

1.
31

±
0.
06

d
10
.4
3
±
0.
61

d
6.
5
±
0.
24

e

A8
2.
59

±
0.
09

d
e

0.
64

±
0.
05
1b

3.
23

±
0.
04

c
5.
5
±
0.
14

d
9.
35

±
0.
11

c
6.
9
±
0.
16

c
1.
77

±
0.
01

d
0.
80

±
0.
13

e−
g

9.
12

±
0.
17

f
7.
81

±
0.
42

d

A9
3.
03

±
0.
13

b
c

0.
63

±
0.
05
4b

3.
66

±
0.
08

b
7.
5
±
0.
11

a
8.
15

±
0.
03

d
5.
06

±
0.
12

e
7.
46

±
0.
2a

2.
88

±
0.
08

a
12
.4
2
±
0.
23

b
5.
57

±
0.
31

f

A1
0

0.
80

±
0.
06

f
0.
14

±
0.
01
4f

0.
95

±
0.
03

g
5.
5
±
0.
07

d
10
.5
5
±
0.
04

b
4.
64

±
0.
2f
g

7.
33

±
0.
18

a
1.
90

±
0.
2b

15
.4
1
±
0.
38

a
16
.6
5
±
0.
53

c

A1
1

0.
83

±
0.
11

f
0.
11

±
0.
00
5f

0.
94

±
0.
03

g
4
±
0.
08

f
12
.6
5
±
0.
04

a
4.
81

±
0.
07

ef
0.
64

±
0.
03
f

1.
23

±
0.
11

d
6.
64

±
0.
19

j
20
.8
7
±
0.
33

a

A1
2

0.
93

±
0.
14

f
0.
23

±
0.
00
9d

e
1.
15

±
0.
04

f
4.
5
±
0.
08

e
7.
9
±
0.
05

e
4.
59

±
0.
11

fg
3.
56

±
0.
12

c
1.
57

±
0.
03

c
9.
83

±
0.
33

e
18
.2
±
0.
6b

*C
hl
or
op

hy
ll
(C
hl
),
To

ta
l
as
h,

to
ta
l
po

ly
ph

en
ol
ic

co
nt
en

t
(T
P
C)
,
ca
ff
ei
ne

(C
AF

)
an

d
ga

lli
c
ac
id

(G
A)
,
ca
te
ch
in
,
ep

ic
at
ec
hi
n
(b
),
an

d
ep

ig
al
lo
ca
te
ch
in

ga
lla
te

(E
G
CG

)
of

di
ff
er
en

t
te
a
ac
cr
et
io
ns
.
Va
lu
es

ar
e
m
ea
ns

±
st
an

da
rd

de
vi
at
io
n
fo
r
fiv
e
re
pl
ic
at
es
.

D
iff
er
en

t
le
tt
er
s
sh
ow

si
gn

ifi
ca
nt
ly

by
D
un

ca
n
m
ul
ti
pl
es

ra
ng

es
te
st

(P
≤
0.
05
).
Te
a
ac
ce
ss
io
ns

or
ig
in
at
ed

fr
om

La
ng

ro
ud

(A
1,

A2
,
A3

),
Si
ah

ka
l
(A
4,

A5
,
A6

),
K
ob

ija
r
(A
7,

A8
,
A9

)
an

d
B
az
ki
ag

uo
ra
b
(A
10
,
A1

1,
A1

2)
.

446 Samira Montahae Dargah et al.

https://doi.org/10.1017/S1479262123000928 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262123000928


Figure 1. Principal component analysis (PCA) for biochemical (a) and morphological (b) attributes in different tea accessions. Agglomerative hierarchical clustering
(AHC) for biochemical (c) and morphological (d) attributes in different tea accessions. (e) Heat map analysis for studied traits in different tea accessions. GA, gallic
acid; Chl, Chlorophyll; TPC, total polyphenolic content; EGCG, epigallocatechin gallate; IL, internode length; LL, leaf length; LW, leaf width; PL, petiole length.
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Correlation between phytochemical and morphological data

Plant height positively correlated with the ratio of leaf length to
leaf width (r = 0.558), and Chl a (r = 0.385), but had a negative
correlation with EGCG (r = −0.448). Internode length showed a
positive and significant correlation with leaf length (r = 0.455),
and leaf width (r = 0.459), but a negative correlation with EC
(r =−0.490), GA (r = −0.409), and caffeine (r =−0.378).
Catechin strongly correlated with GA (r = 0.822), and epicatechin
(r = 0.577). In addition, a negative and strong correlation was
obtained for EGCG with photosynthesis pigments (Table 3).

Essential oil (EO) profile

The GC-MS analysis identified 18 compounds, which represented
more than 90% of the total EO for all treatments (Table 4). The
main EO constituents were 2-pentyl furan followed by octane, hex-
anal, ortho-cymene, gamma-terpinene, terpinen-4-ol, alpha-
copaene, E-caryophyllene. 2-pentyl furan varied from 9.87% in
A12 to 12.99% in A1. The maximum and minimum octane was
obtained in A5 and A9 to be 5.01 and 6.76%, respectively.
Hexanal was found in 8.35–10.43%. Terpinen-4-ol showed the min-
imum variability, ranging from 6.91 to 7.34%. Alpha-copaene had
18% variability among the accessions, ranging from 7.58 to 8.91.
The maximum E-caryophyllene was recorded in A11, which had
a 19% increase relative to its minimum amount in A1 (Table 4).

Multivariate analysis and heat map for essential oil (EO)
profile

According to PCA, octane, hexanal, 2-pentyl furan, ortho-cymene
and gamma-terpinene are negatively corralled with terpinen-4-ol,
alpha-copaene and E-caryophyllene. A1-6 showed a negative
trend with A7-12 in terms of the main EO profile (Fig. 2a).
Based on AHC, three clusters were identified for tea accessions
in terms of the EO profile (Fig. 2b). The heat map analysis for
the EO profile showed that octane, hexanal and ortho-cymene
had the maximum variability, while the minimum variability
was recorded for gamma-terpinene and terpinen-4-ol (Fig. 2c).

Discussion

Morphological traits

In this study, morphological characteristics showed significant
differences between tea accessions. Rajanna et al. (2011) reported
that phenotypic characters such as leaf area, shoot weight and
young shoot colour can be used to differentiate between the
three Camellia species and their accessions into well-defined
phenotypic groups, similar to the genetic diversity determined
by RAPD markers. As a result, information on morphological
diversity should be valuable for future breeding programmes as
well as optimal genetic diversity conservation in adapted germ-
plasm. Even though morphological and phytochemical traits
can vary in response to environmental stress, climatic changes
and genetics (Ghanbari et al., 2022; Zare Hoseini et al., 2022),
morphological traits are still an essential and basic step in cor-
rectly identifying plants (Ghanbari et al., 2023).

Phytochemical traits

The results of the present study showed considerable variabilities of
biochemical traits between tea accessions, which these changes can

be expected due to the cross-pollination and self-incompatibility of
the tea plant (Kottawa-Arachchi et al., 2019). Based on the result,
Siahkal accessions (A4, A6) showed the highest photosynthetic pig-
ments content. Photosynthesis is the main process that affects plant
growth. High photosynthetic pigment content can improve the
growth indicators and medicinal value of tea plants
(Chavoshizadeh et al., 2020; Zeng et al., 2021). Also, Chl content
is an effective tool for evaluating tea quality, which has a direct cor-
relation with polyphenols (Li et al., 2016) and colour and flavour
characteristics (Ošťádalová et al., 2015). In this study, the accessions
of Siahkal had both high levels of Chl content and high polyphenol
content, but PCA confirmed the negative correlation between Chl
content and TPC. According to heat map analysis, Chl content
was relatively susceptible to geographical region changes.

The total ash content in all tea accessions varied between 4 and
7.5. In terms of quality, the values obtained from total ash in all
accessions were similar to the ISO (International Standard
Organization) range defined based on Nepal standards (4–8%)
(Jayawardhane et al., 2016). Ash content is an important param-
eter of tea quality. Higher ash content in tea may be due to the
lower moisture content in tea (Jayawardhane et al., 2016) and
may also be related to the mineral content of the tea sample
(Yadav et al., 2020).

In this research, the TPC is varied in different accessions stat-
istically. Tea polyphenols possess anti-mutagenic, antioxidant and
antidepressant effects as well as reduce blood pressure and inhibit
lipid peroxidation (Kottawa-Arachchi et al., 2019). Currently,
high polyphenols in tea and caffeine content are used as commer-
cial raw materials to extract functional compounds (Cheptot et al.,
2019). Studies have shown that the polyphenolic composition of
plant organs varies under the influence of genotype and growth
conditions (Chen et al., 2020).

Significant variation was observed among the 12 tea accessions
for caffeine content in this study. In tea plants, catechins and caf-
feine act as secondary metabolite defensive chemicals. They
defend sessile plants from diseases and predators, as well as oxi-
dative stress and other environmental factors. Thus, the quantity
of catechins and caffeine in tea samples differed depending on the
environment and genotype (Hyun et al., 2020). Many earlier
investigations found a high diversity of caffeine levels in tea acces-
sions (Kottawa-Arachchi et al., 2019; Hyun et al., 2020). Caffeine
is the most prevalent alkaloid in tea, with a level ranging from 15
to 50 mg g−1. (Kottawa-Arachchi et al., 2019). In this study,
the caffeine content of 12 tea accessions ranged from 4.5 to 9
mg g−1 (Fig. 2a). Significant variations in caffeine content have
been observed in tea germplasm collections from a number of tea-
growing countries. Because of caffeine’s pharmacological charac-
teristics on the central nervous system, the demand for low-
caffeine tea is developing rapidly, rising from 2% of global tea
consumption in 1980 to 15% in the early twenty-first century
(Gill, 1992). Although many nations have invested in decaffei-
nated tea methods and techniques, such methods and techniques
might lose the tea’s characteristic fragrance and flavour, lowering
the quality. Thus, it is critical to generate low-caffeine clones
through breeding and selection, since such clones might be a solu-
tion to the problem of excessive caffeine levels and significantly
contribute to the availability of natural low-caffeine tea (Chen
et al., 2005). The tea accessions with reduced caffeine content
in this study might be employed as naturally low-caffeine genetic
resources for crossbreeding parents.

Tea leaf has six main catechins: (+)-catechin, (−)-epicatechin,
(−)-epicatechin gallate, (+)-gallocatechin, (−)-epigallocatechin
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and (−)-epigallocatechin gallate (EGCG) (Robertson, 1992). In
this research, three types of catechins (catechin, epicatechin and
EGCG) in different accessions were examined and compared.
Catechins showed significant differences between different tea
accessions. It has been reported that the amount of catechins in
green and dried leaves varies according to genotypes and climatic
conditions, especially sunlight (Donlao and Ogawa, 2019; Yadav
et al., 2020). Our results showed that Bazkiaguorab and Kobijar
accessions produced higher catechin compared with that obtained
in other accessions. The amount of catechins also depends on the
topographic status of tea-growing areas (Wen et al., 2020). In add-
ition, Zhang et al., (2020) showed different amounts of catechin
and gallic acid in different tea cultivars. The highest amount of
EGCG was measured in Langroud A2 and Bazkiaguorab A11.
Previous investigations found the following catechin content
ranges: EGCG, 13.0 to 139.0 mg g−1; epicatechin, 2.0 to 54.5 mg
g−1 and catechins, 0.3 to 30.9 mg g−1 (Yao et al., 2005; Jin et al.,
2014; Koch et al., 2018). In this investigation, the 12 tea accessions

had a similar degree of catechins concentration to previous stud-
ies. Consequently, tea accessions with favourable catechin compo-
sitions might be introduced into crop breeding programmes.

PCA showed Bazkiaguorab (A10, A1 and A12) in a distinguished
cluster, which was confirmed by biochemical changes due to high
genetic differences between the various accessions. According to
heat map analysis, EGCG, catechin and GA showed the maximum
variability. Therefore, these biochemical traits are more sensitive to
genetic variations and geographical origin and can be used as
smart attributes in tea plants for breeding and production pro-
grammes. The changes in biochemical traits upon environmental
and genetic conditions exert the variability in morphological traits
of plants (Vozhdehnazari et al., 2022). Since the studied 12 acces-
sions were cultivated under the same environmental conditions,
the existence of differences in their phytochemical characteristics
was probably related to their origin and/or genotypic factors.

The larger plants showed a lower amount of EGCG.
Epicatechin and catechin have a positive correlation with gallic

Figure 2. Principal component analysis (a), agglomerative hierarchical clustering (b), and heat map (c) for essential oil profile in tea accessions.
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acid. Additionally, a strong negative correlation between photo-
synthetic pigments and EGCG was found (Table 3). These corre-
lations between traits can help to choose the best plant in terms of
the desired breeding traits. Certainly, any selection with consider-
ation of correlation analysis based on morphological markers
must be done according to the goal of breeding for improvement
of plant yield or bioactive components, because each parameter
has its morphological markers (Bahmani et al., 2015).

The distinct chemicals were identified in this study, a first for tea
plants. Rehman et al. (2008) claimed that the principal EO compo-
nents of black tea leaves were α-Pinene and β-Pinene. Lin et al.
(2012) demonstrated that the primary EO profiles of Longjing
tea leaves were linalool, nonanal, (Z)-3-hexenyl hexanoate and
β-ionone. According to Sharma et al. (2022), tea cultivar flowers
include citral, octadecane and benzyl benzoate. According to the
literature, plant tissue of the main factor in representing different
EO profiles. According to the AHC data, the accession’s EO profile
exhibited similar behaviour to other chemical and morphological
features. Sesquiterpenes (α-copaene and E-caryophyllene) were
inversely linked with octane, hexanal and ortho-cymene, which
led to the intriguing results that were validated by PCA. In the
future, it will be necessary to generate superior genotypes and
greater yield with particular breeding goals in order to study how
the constituents of tea EO alter in various climates.

Conclusions

In this study, the tea accessions exhibited variations of morpho-
logical traits, caffeine, catechins, photosynthetic pigments content
and polyphenols that support the notion that the phytochemical
content of tea is affected by geographical origin and genetic fac-
tors. Among these traits, gallic acid, epigallocatechin gallate, cat-
echin and chlorophyll b represented the higher variability
compared with other traits upon genetic and geographical varia-
tions. Based on the essential oil profile, the presence of some
beneficial compounds for human health was identified in the
essential oil of tea accessions. It was clear from this study’s den-
drogram that the one based on morphological attributes largely
differed from the one based on phytochemical variables, which
indicated a strong potential for breeding programmes for the ana-
lysed accessions. The results of this study can be used as a start in
breeding projects in the future to enhance and create new culti-
vars with superior traits. Additionally, it can help programmes
discover rare cultivars and preserve and develop indigenous gen-
otypes of the C. sinensis (L.) Kuntze.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1479262123000928.
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