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Abstract
Background Tea is the most popular beverage worldwide second only to water. Its demand is tremendously 
rising due to increased awareness of its medicinal importance. The quality and uses of tea depend on the tea-types 
which are mainly three types including China, Assam and Cambod type having distinct compositions of secondary 
metabolites. Huge variation in secondary metabolites in different tea-types and cultivars limited the successful 
application of various approaches used for its trait improvement. The efficiency of a protocol for isolation of protoplast 
is specific to the types and cultivars of tea plants. The existing tea protoplast-isolation protocols [which were 
optimized for tea-types (China and Assam type) and Chinese cultivars grown in China] were found ineffective on 
types/cultivars grown in India due to type/cultivar variability. Therefore, optimization of protoplast-isolation protocol 
is essential for tea-types/cultivars grown in India, as it is the second largest producer of tea and the largest producer 
of black tea. Here, efforts were made to develop an efficient protoplast-isolation protocol from all major types of tea 
(China, Assam and Cambod types) grown in India and also from three types of tender leaves obtained from field-
grown, hydroponically-grown and tissue culture-grown tea plants.

Results Developed protoplast-isolation protocol was effective for different types of leaf tissue obtained from the 
tender leaves of field-grown, hydroponically-grown and tissue culture-grown tea plants. Moreover, optimized 
protocol effectively worked on all three types of tea including China, Assam and Cambod types cultivated in India. 
The digestion of leaves with 3% cellulase R-10, 0.6% macerozyme, 1% hemicellulase and 4% polyvinylpyrrolidone for 
12 h at 28ºC yielded approximately 3.8–4.6 × 107 protoplasts per gram fresh tissue and 80–95% viability in selected tea 
cultivars, and tissue culture plant material was found most appropriate for protoplast isolation.

Conclusions In conclusion, we reported an efficient protocol for isolation of protoplasts from tender tea leaves of 
all major tea-types (China, Assam and Cambod) grown in India. Moreover, the protocol is also effective for tender-
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Introduction
Camelia sinensis (L.) O. Kuntze belonging to the 
Theaceae family is one of the most famous beverages 
due to its umami flavor and health benefits. About 5100 
accessions of tea have been conserved collectively in 
India and China [1–3] and most of the genetic stocks 
were directly or indirectly introduced into tea-growing 
countries from either India or China [4], however, some 
secondary exchange also occurred between tea produc-
ing countries [5, 6]. Tea leaves are rich in polyphenols, 
which are bioactive compounds responsible for beneficial 
health effects such as antioxidant, anti-carcinogenic, anti-
fungal, anti-viral, anti-aging, thermogenic properties, 
and help in the treatment of skin diseases, cholesterol 
reduction, cardiovascular disorders, diabetes, increased 
metabolism and prevention of tooth decay [7–11]. There-
fore, C. sinensis leaf beverages have become increasingly 
popular. However, the market still lacks improved tea 
varieties with high polyphenol content, enhanced aroma, 
enhanced theanine content, and improved abiotic and 
biotic stress tolerance due to obstacles in conventional 
breeding. The tea genome is highly heterozygous due to 
its cross-pollinated nature, and its conventional breed-
ing is associated with long breeding cycles, complex 
offspring, and unstable genetic traits. However, the avail-
ability of the genome provides a better opportunity for 
value addition of the tea but the development of geneti-
cally modified tea is still a task as due to the presence of 
the various secondary metabolites it is difficult to trans-
form and regenerate shoots from tea explants or callus. 
At least one year possibly is required for the development 
of the transgenic plants, and additional years are required 
for further tea transplantation [12]. Moreover, several 
years are required for experimental work to establish the 
stability and germline transmission in transgenic plants. 
Therefore, efficient protocols are required to achieve the 
improvement in tea traits.

Protoplasts-technology is used as a promising tool to 
study various aspects of cell biology, genetics, plant phys-
iology, cell division, differentiation, cell wall regeneration, 
cell ultrastructure, for genetic transformation, and tran-
sient transformation, and also has the potential for use in 
synthetic biology [13–19]. Protoplasts have the ability to 
regenerate into a whole plant under suitable conditions. 
Protoplast fusion has been successfully used to develop 
new varieties by breaking the barrier of conventional 
breeding which requires compatible parent plants [20–
22]. However, an adequate quantity of highly viable pro-
toplast is required for studying/applying these aspects. 

Isolation of the protoplast from the herbaceous plants 
has been standardized successfully, like in Arabidopsis 
[23], rice [24], maize [25], and carrot [18]. Although it is 
a tough task to isolate protoplast from perennial woody 
plants still it has been standardized for perennial plants 
like populous [26], peach [27], apricot [28], citrus [29, 
30], Ginkgo biloba [31], Jasminum spp [32], areca palm 
[33] etc. In the case of C. sinensis, Gunasekare and Evans, 
1998 [34] reported first the isolation of protoplast from 
tea and showed that protoplast viability is only depen-
dent on the composition of the enzyme mixture. After-
ward, about 19 years later Liu et al., 2017 [35] and Peng 
et al., 2018 [36] also reported the protocols for protoplast 
isolation from tea but their efficiency and yield of proto-
plast were low. Further, Zhou et al., 2021 [37] and Xu et 
al., 2021 [38] reported the protoplast isolation in tea with 
enhanced efficiency and yield of protoplast from Chinese 
tea cultivars. They reported that the protoplast isolation 
not only depends on the enzyme concentration but also 
on the type and maturity of the explant and also on the 
concentration of mannitol used. However, 10–16 h incu-
bation at 25ºC is required to get the protoplast. In 2022, 
another report by Wang et al., 2022 [39] added snailase 
enzyme in the protoplast isolation buffer along with cel-
lulase and macerozyme and reduce the incubation time to 
4 h for protoplast isolation. However, they shortened the 
incubation time and enhanced the yield of the protoplast 
but the viability of the protoplast was lower (70–80%) as 
compared to previous studies. All earlier developed pro-
tocols for the isolation of protoplasts were optimized 
for tea-types (China and Assam type) and Chinese cul-
tivars grown in China and these existing protocols were 
found ineffective on Chinese cultivars/different types of 
tea grown in India due to type/cultivar variability. There-
fore in the present study, efforts were made to isolate 
protoplast from different types of tea including China 
type, Assam type and Cambod types grown in India. As 
in earlier studies, different explants like roots, branches, 
and leaves were used, and in most cases, young actively 
growing leaves were found suitable for protoplast isola-
tion. Therefore, here we used field-grown, hydroponically 
grown and tissue cultured-grown plants to standardize 
the protoplast isolation protocol. We also standardized 
the mannitol concentration, time and temperature for 
incubation, shaking conditions, and speed for centrifuga-
tion for the isolation of tea protoplasts. The standardized 
protocol can be used for the improvement of other tea 
cultivars by using the protoplast system to study the tran-
sient expression of genes, to develop foreign DNA-free 

leaf tissue of field-grown, hydroponically-grown and tissue culture-grown tea plants. The findings are expected to 
contribute to the genetic improvement of tea traits widely.
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genome-edited plants through RNP-mediated transfor-
mation, protein subcellular localization studies, bimo-
lecular fluorescence complementation assays as well as 
other in-vivo molecular studies and also in genomics, 
proteomics and synthetic biology research.

Materials and methods
Plant materials
Field-grown leaf explants
Four tea cultivars including Him Sphurti (Accession No. 
IHBT-117, Accession code: CEF-02, China type), TV 23 
(Accession No. IHBT-176, Accession code: TV-23, Cam-
bod type), Upasi 9 (Accession No. IHBT-182, Acces-
sion code: UPASI-09, Assam type), and Kangra Asha 
(Accession No. IHBT-122, Accession code: Kangra Asha, 
China type) belong to three types of tea were used in this 
study (Fig.  1). First and second leaf explants of twenty-
five-year-old bushes of selected tea cultivars growing in 
the CSIR-Institute of Himalayan Bioresource Technol-
ogy (CSIR-IHBT) institute’s Experimental Tea Farm at 
Banuri, Palampur, Himachal Pradesh, India (1292 m asl, 
32.6oN and 78.19oE) were obtained during the seasons of 
fresh growth (March-May). Distinct morphological fea-
tures of different tea cultivars used for their identification 
are supplemented in Table S1 (Fig. 1). The leaf explants 
were washed and treated with 0.1% sodium hypochlo-
rite for 10  min. The treated leaves were washed three 
times with distilled water and then used for protoplast 
isolation.

Hydroponically grown leaf explants
One-year-old stem cuttings of about 30  cm were 
obtained from the above-mentioned tea farm and mature 
tea leaves were removed without damaging the newly 
emerging bud. The stem cuttings were washed under 
running tap water and then washed three times with dis-
tilled water containing tween-20 (0.1%). The stem cut-
tings were then treated with 0.1% sodium hypochlorite 
for 15  min and again washed with distilled water three 
times. The treated stem cuttings were placed in the glass 
jar containing autoclaved distilled water supplemented 
with 1  mg/l Gibberellic acid (GA3) and placed in a 
growth chamber at 25ºC. The newly emerged 1st and 2nd 
leaves (Fig. 1j) obtained after 15 days were used for pro-
toplast isolation.

Tissue culture-grown leaves
To establish the in-vitro cultures of selected tea cultivars, 
the terminal and axillary buds of green stems were taken 
from the fresh growth of the year (March-May) from the 
tea orchard (Institute’s Experimental Tea Farm at Banuri, 
Palampur, Himachal Pradesh, India). First, the buds 
were washed under running tap water and then washed 
with distilled water containing tween-20 (0.1%). The 

buds were then treated with 0.1% sodium hypochlorite 
for 10 min, and washed with distilled water three times. 
Then the buds were initially cultured on MS media con-
taining 1 mg/l GA3 for shoot induction. After 35–40 days 
the induced shoots were cultured on MS media contain-
ing 3 mg/l 6-benzylaminopurine (BAP), 0.1 mg/l indole-
3-butryic acid (IBA) and 0.5 mg/l Gibberellic acid (GA3). 
After 6–7 weeks the leaves from multiplied shoots of sec-
ond cycle of multiplication of tissue culture plants were 
used for protoplast isolation (Fig. 1k). The tissue culture 
leaves were multiplied and maintained in a tissue culture 
chamber with 25 ± 2˚C temperature and 16  h/8  h light-
dark cycle respectively.

Preparation of the enzyme solution
Fresh enzyme solutions were prepared before the isola-
tion of the protoplasts. To standardize the protoplast 
isolation for selected tea cultivars, three enzymes 1–3% 
cellulase R-10 (Duchefa Biochemie), 1% hemicellulase 
and 0.2-1% macerozyme R-10 (Duchefa Biochemie) 
were used. The enzymes were dissolved in a protoplast 
salt solution (modified from Xu et al., 2021) containing 
20 mM 2-ethanesulfonic acid (pH 5.7), 0.6 M mannitol, 
10 mM CaCl2, 20 mM KCl and 0.1% bovine serum albu-
min. The 4% polyvinylpyrrolidone (PVP) was also added 
to prevent the oxidation of the phenols, as oxidized phe-
nol may interfere with protoplast isolation. The differ-
ent mannitol concentrations were tested in the range of 
0.2-1.0 M for optimum osmotic pressure to enhance the 
integrity of the isolated protoplast. The solution con-
taining the enzymes was heated at 55ºC for 15  min to 
dissolve and activate the enzymes. The enzyme solution 
was cooled down to room temperature and then filtered 
through 0.22µ syringe filters. The filter-sterilized enzyme 
solution was further used for the hydrolysis of leaf tissue.

Isolation of the protoplast
Three types of leaf explants obtained from field-grown, 
hydroponically-grown and tissue culture-grown tea cut-
tings were used for protoplast isolation. The excised leaf 
explants were placed in sterile distilled water before cut-
ting into fine sections. The main ribs and leaf margins 
were removed and then about 1–2  g leaf explants were 
cut into fine strips (0.5-1.0  mm) using the sharp blade. 
This process takes time therefore tissue strips were placed 
in 0.6 M mannitol solution during this process to main-
tain the osmotic balance. When whole tissue was excised 
into fine strips, the mannitol solution was discarded, and 
25 ml enzymatic solution was added to the tissues. A neg-
ative pressure of 400 mm Hg was applied to enhance the 
infiltration of the enzymes. The tissue was then incubated 
at 25–28 ºC with a gentle shaking of 60 rpm for lysis of 
tissue and release of the protoplast into the osmotic 
solution. The used enzymes are light sensitive therefore 
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Fig. 1 Different tea cultivars used in the study. Tea cultivars (a) UPASI-09, (c) Him Sphurti, (e) TV-23 and (g) Kangra Asha growing in the Institute’s Experi-
mental Tea Farm at Banuri, Palampur, Himachal Pradesh, India (1292 m asl, 32.6oN and 78.19oE). Mature leaves, two leaves and a bud, flower and flower 
bud of (b) UPASI-09, (d) Him Sphurti, (f) TV-23 and (h) Kangra Asha tea cultivar’s. Pictures representing (i) Field grown, (j) Hydroponically grown, (k) Tissue 
culture grown leaf explants from cv. Kangra Asha (China type)
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the whole process was done under dark conditions. The 
detailed methodology for protoplast isolation is given in 
Fig. 2. The major factors that influence protoplast isola-
tion like concentration of cellulase R-10 (1–3%), macero-
zyme (0.2-1.0%), mannitol (0.2-1.0 M), time for vacuum 
infiltration (10–40 min) and digestion time (8–16 h) were 
tested to standardized the protocol. The different types 
of leaf explants obtained from field-grown, hydroponi-
cally-grown and tissue culture-grown tea plants were also 
tested and compared for protocol efficiency and yield of 
protoplast.

Protoplast purification
Once the enzymatic hydrolysis process was completed, 
protoplasts were first purified by coarse filtration through 
Mira cloth (EMD Millipore Corp.) and then centrifuged 
at 100 g for 10 min. The upper phase was discarded care-
fully without disturbing the pelleted protoplast. The pel-
leted protoplasts were resuspended with gentle swirling 
in W5 solution [2 mM MES, 154 mM NaCl, 5 mM KCl, 
125 mM CaCl2; pH 5.7 [38]. The resuspended filtrate 
was centrifuged at 100 rpm for 5 min to settle down the 
protoplast. The upper phase was discarded and the pel-
let was resuspended in 3  ml of W5 solution. The 25% 
sucrose was used for the purification of protoplast. The 

7 ml 25% sucrose solution was poured into a 15 ml cen-
trifuge tube and then 3  ml protoplast suspension was 
overlayered carefully using 1 ml micro tip excised at the 
bottom using a scissor and centrifuged at 100  rpm for 
5 min. The purified protoplast appeared as a green layer 
above the sucrose solution, which was collected and 
stored for a short period on ice for further use.

Protoplast yield and viability test
A hemocytometer was used to determine the protoplast 
yield using a fluorescence microscope (Magnus MLXi 
Plus) under bright light. The protoplast yield was calcu-
lated as how many numbers of protoplasts were yielded 
per gram of leaf tissue. To determine the viability of pro-
toplast 0.01% (W/V) FDA stain was used as per protocol 
[33]. The protoplasts were observed after staining with 
FDA under a fluorescence microscope (Magnus MLXi 
Plus). The protoplasts which were visible as green under 
excitation of 480  nm are viable. The protoplast viability 
is calculated in terms of percentage i.e. how many pro-
toplasts are visible green from the total protoplast under 
view (Fig.  3). Viability was calculated for each sample 
under at least three fields view and each experiment was 
performed in replication of three.

Fig. 2 Standardised procedure for isolation of protoplast from tea leaf explants
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Statistical analysis
IBM SPSS Statistics for Windows, version 20 (IBM Corp., 
Armonk, NY, USA) was used for the analysis of the data. 
Differences between treatments were considered signifi-
cant at P ≤ 0.05 according to the least significant differ-
ence. Data are represented as means ± standard errors of 
the mean from three independent experiments.

Results and discussion
Optimized procedure for protoplast isolation
China is the largest and India is the second largest pro-
ducer of tea. In addition, China is the largest producer of 
green tea and India is the largest producer of black tea 
(FAO/EST 2022). Earlier developed protocols for the 
isolation of tea protoplasts were standardized only for 
Chinese cultivars grown in China [35–39]. The origin of 
the tea plant is believed from Yunnan Province in south-
western China, and China has the largest plantation, pro-
duction and consumption of tea in the world [3], which 
may be the possible reason for the development of earlier 
optimized protocols on only Chinese cultivars. Zhou et 
al., 2021 [37] identified C. sinensis var. sinensis cv. Zhong-
bai 4 as the most suitable line for mesophyll protoplast 
isolation. Isolation of protoplast from different tissues of 
hydroponic cutting seedlings, tea plantation seedlings 

and potted seed seedlings of var. sinensis and var. assa-
mica of four Chinese cultivars (Shuchanzao, Zijuan, 
Huangkui and Huangshanbaicha) was performed by Xu 
et al., 2021 [38]. Recently, Wang et al., 2022 [39] could 
establish a fast protoplast isolation method which was 
also specific to C. sinensis var. sinensis cv. Shuchazao. 
Therefore, earlier optimized protoplast isolation proto-
cols were based on Chinese cultivars including var. sinen-
sis (China type) and var. assamica (Assam type) tea types 
only. As all major three types of tea (China, Assam and 
Cambod types) have distinct compositions of second-
ary metabolites, therefore have distinct importance and 
are commercially used. Hence efficient protoplast isola-
tion protocol is required for all types of tea. Huge varia-
tion in secondary metabolites in different tea types and 
cultivars limited the successful application of various 
approaches used for its trait improvement. The efficiency 
of a protocol for the isolation of protoplast is specific to 
the types and cultivars of tea plants. Source material for 
isolation of protoplast is considered as an important fac-
tor for successful isolation of protoplast, and protoplast 
yield was found to vary with different tea cultivars which 
might be due to the variation in content of polyphenol, 
cellulose and pectin in leaf tissue which inhibit the enzy-
matic digestion resulting poor protoplast yield [31, 37]. 

Fig. 3 Viability testing using FDA stain. (a) Under bright light at 100x (bar-100 μm), (b) Under 480 nm excitation at 100x (fluorescence-labelled viable 
protoplasts), (c) Under bright light at 400x (bar-100 μm) and (d) Under 480 nm excitation at 400x(fluorescence-labelled viable protoplasts)
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Preliminary studies in our laboratory showed that the 
earlier reported protocols [which were optimized for 
tea-types (China and Assam type) and Chinese cultivars 
grown in China] could not efficiently work on the impor-
tant tea types and cultivars grown in India might be due 
to type/cultivar variability. As Indian-tea production has 
specific importance as the second largest-tea producer, 
therefore, a protoplast isolation procedure for cultivars 
grown in India needs to be established. Therefore, in the 
present study efforts were made to optimize the proto-
col for the isolation of protoplast from all types of tea 
(i.e. China, Assam and cambod type) in selected culti-
vars grown in India. Keeping in view the above points 
we standardized protocols for four tea cultivars i.e. Him 
Sphurti (China type), TV 23 (Cambod type), Upasi 9 
(Assam type), and Kangra Asha (China type) belonging 
to three types of tea.

After 12 h of digestion of the tissue at 28ºC and 60 rpm 
in an incubator shaker, hydrolyzed tissue was passed 
through the Mira cloth membrane. The filtrate was cen-
trifuged at 100 x g for 10  min and then pelleted proto-
plast and debris were washed with 10 ml W5 solution at 
100 x g for 5 min. The step was repeated twice to remove 
the debris material. The pelleted protoplast was resus-
pended in 3 ml W5 buffer and poured above the 6 ml 25% 
sucrose solution and centrifuged at 100 x g for 5 min. The 
purified protoplast remains above the sucrose solution 
and can be collected with 1 ml microtip excised with scis-
sors at the bottom. The purification procedure was car-
ried out at 4ºC to enhance the viability of the protoplast.

Effect of enzyme concentration on protoplast isolation
The enzyme concentration is most critical for the isola-
tion of protoplast. To find out the optimal enzyme con-
centration for protoplast isolation 1st and 2nd tender 
leaves of all selected tea cultivars were digested with 
enzymes for 12  h duration at 28ºC, 60  rpm. The result 
of different concentrations and combinations of the 
enzymes were presented in Fig. 4. The yield of protoplast 
enhanced with the increase in the concentration of cel-
lulase. The lowest yield of 1.2 × 107/g FW (gram Fresh 
weight) was observed on 1% cellulase along with 0.6% 
macerozyme and 1% hemicellulase. However, the highest 
yield of 4.6 × 107/g FW with 95% viability was observed 
when 3% cellulase was used (Fig. 4a). Although, the via-
bility of the protoplast varied non-significantly among 
different concentrations of cellulase used. In the case of 
macerozyme, the yield of protoplast increased initially 
but with the increase in concentration fell after reaching 
the optimum value. The highest yield of 4.4 × 107/g FW 
with 94% viability was observed on 0.6% macerozyme 
along with 3% cellulase and 1% hemicellulase (Fig.  4b). 
However, the yield fell to 1.5 × 107/g FW with 78% viabil-
ity when 1% macerozyme was used, therefore 3% cellulase 

along with 0.6% macerozyme and 1% hemicellulase was 
considered best for the isolation of the protoplast from 
tender tea leaves.

Effect of mannitol concentration on yield and viability of 
protoplast
Mannitol was used as an osmotic pressure regulator in 
the current study. The effect of different mannitol con-
centrations was tested on the yield and viability of pro-
toplast. It was observed that protoplast yield and viability 
increased initially with the increase in mannitol concen-
tration and then started to decrease at higher concentra-
tions. At a lower concentration (0.4 M) of mannitol, the 
protoplast yield was very low and the lower number of 
protoplast remains viable. The 0.6  M mannitol concen-
tration was found optimum for protoplast isolation when 
cellulase R-10 concentration was 3% and macerozyme 
R-10 concentration was 0.6% and hydrolysis was done for 
12 h at 28ºC, 60 rpm. The yield at this concentration was 
4.5 × 107/g FW and viability were 94% (Fig.  4c). When 
the concentration was enhanced to 0.8  M and 1.0  M, a 
low number of viable protoplast was obtained and more 
burst and deformed protoplasts were obtained. Therefore 
0.6  M mannitol concentration was found optimum for 
protoplast isolation.

Effect of time of enzymatic hydrolysis
Enzymatic hydrolysis of tea leaf strips with 3% cellu-
lase, 0.6% macerozyme and 1% hemicellulase was tested 
for different time durations of 8, 10, 12, 14, and 16  h. 
The yield of the protoplast seems to increase with the 
increase of digestion time initially. The lowest yield of 
1 × 107/g FW was obtained at 8 h and the highest proto-
plast yield of 4.4x x107/g FW was observed after 12 h of 
digestion (Fig. 4d). The yield starts to decrease after 12 h 
of digestion and at 16 h yielded only 1.9 × 107/g FW pro-
toplasts. However, hydrolysis time did not have a signifi-
cant impact on viability but at 16-hour digestion time low 
viability of 65% was observed, and more burst and dis-
torted protoplast was visible under the microscope.

Effect of vacuum treatment on protoplast isolation
The vacuum pre-treatment before incubation for hydro-
lysis by enzymes is found to be an important step for 
protoplast isolation. The vacuum treatment enhances 
the infiltration of the enzyme inside the leaf tissue and 
increases the release of the protoplast. The excised leaf 
strips of 1  mm dipped in enzyme solution were treated 
with 400 mmHg vacuum pressure for different time dura-
tions. It was observed that the yield of the protoplast was 
increased with vacuum treatment and protoplast with 
morphology comparable to untreated tissue and less cell 
debris were obtained. The vacuum treatment for a certain 
range of time seems to enhance the yield and viability 
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Fig. 4 Effect of cellulase concentration (a), macerozyme concentration (b), mannitol concentration (c), time of enzymatic hydrolysis (d) and time of 
vacuum infiltration (e) on protoplast yield and viability. These optimization were performed using tea cv. Kangra Asha. Different small letters represent 
statistically significant differences at P < 0.05
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percentage of the protoplast. When a vacuum pressure of 
400 mmHg was applied for 30  min, a maximum proto-
plast yield of 4.5 × 107/g FW was obtained with 95% viable 
protoplast (Fig. 4e). However, when the vacuum pressure 
was enhanced to 40 min less number of viable protoplast 
were obtained and more deformed or bursted protoplast 
were observed. Therefore, 30 min of vacuum treatment at 
400 mmHg was found optimum for protoplast isolation 
from selected tea cultivars.

Effect of type of leaf explant on protoplast yield and 
viability
The effect of different types of leaf tissue (from field-
grown, hydroponically-grown and tissue culture mul-
tiplied) on protoplast isolation was studied. The type 
of leaf tissue had a significant impact on the protoplast 
yield and viability (Fig. 5). Only 1st and 2nd leaves were 
used in the current study, as in most previous studies 
only these leaves showed good results. The lowest yield 
of 1.5 × 107/g FW with 80% viability of the protoplast was 
observed in the field-grown leaves (Fig. 5). More pheno-
lic compounds in the field-grown leaves might interfere 
with protoplast isolation. However, in the case of hydro-
ponically grown leaf explant, an enhanced protoplast 
yield of 3.9 × 107/g FW with 89% protoplast viability was 
observed. But the best results were observed from the in-
vitro tissue culture-grown leaf explants, which resulted in 
a yield of 4.5 × 107/g FW with 95% viability (Fig. 5). There-
fore, in-vitro tissue cultured multiplied shoot leaves were 

found to be best for protoplast isolation, although hydro-
ponically grown shoots also showed comparable results 
and could also be used for protoplast isolation (Fig. 6).

Effect of different cultivars on protoplast yield and viability
The protocol worked well for all four selected tea culti-
vars (Him Sphurti, TV 23, Upasi 9, and Kangra Asha), 
and protoplast yield and viability did not vary signifi-
cantly among these cultivars. Although, the Kangra 
Asha cultivar was a little more responsive for protoplast 
preparation and yielded 4.5 × 107/g FW protoplast with 
95% viability (Fig. 7). The yield of TV23, Him Sphurti and 
Upasi 9 was 4.2 × 107/g FW, 3.8 × 107/g FW, 3.9 × 107/g 
FW, respectively with 80–90% viability (Fig. 8). Therefore, 
this protocol may work well for the isolation of protoplast 
from most cultivars and types of tea grown in India.

Protoplasts were obtained more efficiently from the tis-
sue culture and hydroponically-grown leaf explants. The 
yield and viability were also significantly higher among 
these tissues as compared to field-grown leaf explants. 
This may be because of the tenderness of the tissue as 
it seems to be a key factor for the preparation of proto-
plast from tea plants, as reported in previous studies on 
perennial plants [33, 38–40]. However, in some studies, 
it was reported that tissue culture explants were better 
than hydroponically grown explants [41] but in our stud-
ies, these two showed comparable results. But the tissue 
cultured grown explants are more tender in nature and 
grown in a controlled environment, moreover available 

Fig. 5 Effect of types of leaf explants on yield and viability of the protoplast. Different small letters represent statistically significant differences at P < 0.05
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throughout the year for protoplast isolation. Therefore, 
they might be better candidates for protoplast isolation. 
Overall the protoplast isolated from tea leaf explants of 
field-grown, hydroponically-grown and tissue cultured-
grown leaf explant is ~ 23 μm in diameter and viable pro-
toplast appear round in shape with mostly enriched with 
chloroplast in all four cultivars (Fig. 9). Such an efficient 
protocol for protoplast isolation from major three types 
of tea with such high yield and viability is reported for the 
first time in tea cultivars grown in India.

Previous studies on protoplast isolation from tea were 
only based on the Chinese cultivars grown in China. 

Earlier, the yield of the protoplast was enhanced from 
4.1 × 106/g FW [as obtained in 1st report on tea proto-
plast isolation [34], to 6.6 × 106/g FW in one of the recent 
studies by Wang et al., 2022 [39], where the snailase was 
added which could shorten the time of protoplast isola-
tion from 16 h to 4 h but the viability was also lowered 
(73–82%). Earlier the higher cell viability (92.94%) was 
obtained but the protoplast yield was 3.27 × 106/g FW 
[38]. Moreover, the addition of snailase also adds extra 
cost to the protoplast isolation protocol. The study by Xu 
et al., 2021 [38] reported the isolation and purification of 
protoplast from two types of tea (China and Assamica) 

Fig. 6 Effect of type of leaf explant on protoplast isolation before and after purification with 25% sucrose (a, b) field-grown, (c, d) hydroponically grown, 
and (e, f) tissue culture grown leaf explants, respectively. (400x and bar = 20 μm)
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Fig. 8 Effect of different tea cultivars on protoplast isolation. (a) TV23 (b) Kangra Asha (c) Him Sphurti and (d) Upasi 9 (at 400x and bar = 20 μm)

 

Fig. 7 Effect of different tea cultivars on protoplast yield and viability. Different small letters represent statistically significant differences at P < 0.05
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including four cultivars (Zijuan, Shuchazao, Huang shan-
baicha and Huangkui). Xu et al., 2021 used various tis-
sues, including the roots, branches, leaves, and also 
proposed tender leaves as a best material for protoplast 
isolation. They could achieve the best protoplast yield 
of 3.27 × 106 g− 1 FW and 92.94% viability using tender 
leaves of China type tea cv. Shuchanzao, and reported 
1.5% (w/v) cellulase and 0.4–0.6% (w/v) macerozyme in a 
solution containing 0.4 M mannitol, enzymatic hydrolysis 
over 10 h, and an iodixanol concentration of 65% as the 
optimal conditions for protoplast isolation and purifica-
tion. We found that the optimum conditions reported by 
Xu et al., 2021 was ineffective in tea cultivars grown in 
India. Therefore, here, efforts were made to develop an 
efficient protoplast-isolation protocol from all major tea-
types (China, Assam and Cambod types) grown in India 
and also from three types of tender leaves obtained from 
field-grown, hydroponically-grown and tissue culture-
grown tea plants. In the present study enhanced yield 
of 4.5 × 107/g FW was obtained from the tissue-cultured 
leaves, which may be due to the tenderness of the leaves 
and lesser phenolic compounds. The other key factors 
like temperature modified from 25 to 28 ºC, addition of 
hemicellulase (1%), rpm of the centrifugation (100 rpm) 
and addition of 4% PVP were standardized during the 
establishment of the protocol; therefore these factors also 
play critical roles in the enhancement and viability of the 
protoplasts of selected tea types and needs to be further 
considered for optimization of protoplast-isolation proto-
cols for unexplored tea cultivars. The developed method 
in this study could also provide an increased protoplast 
yield (3.8-4.5 × 107 protoplasts per gram fresh tissue) and 
viability (80–95%) compared to the earlier report [38]. 
However, the incubation time for enzymatic hydrolysis 
was higher (12 h) in the present protocol compared to the 
earlier report (10 h) [38]. As yet, over 5,100 accessions of 
different tea germplasm are conserved in China and India 
[1–3] and the tea-genetic stocks used by other tea-grow-
ing countries are also introduced from China and India 

[4]. Besides, the unique flavor of Chinese and Indian tea 
also make their quality improvement essential. Therefore, 
both the Chinese and Indian tea-cultivars have their spe-
cific significance. Hence, the development of protocols 
for both the Chinese and Indian tea-cultivars has specific 
importance for tea improvement and needs to be done. 
The protocol established in the current study can be effi-
ciently utilized to isolate protoplast from different types 
and tea cultivars (especially for cultivars grown in India) 
with enhanced yield and viability (See Table 1).

Conclusion
In the current study, we standardized an efficient pro-
tocol for isolation of protoplasts from selected cultivars 
belongs to all major types of tea (China, Assam and Cam-
bod types) grown in India and also from three types of 
tender leaves obtained from field-grown, hydroponically-
grown and tissue culture-grown tea plants. For develop-
ing this high-efficiency protocol, key factors like enzyme 
concentration, time of enzymatic hydrolysis, mannitol 
concentration, time of vacuum infiltration, rpm of the 
centrifugation, and temperature during hydrolysis were 
studied. The effect of the types of leaf explants and culti-
vation methods used for growing leaves was also studied. 
In our results tissue culture-grown leaves were found best 
for protoplast isolation, however, hydroponically grown 
1st and 2nd leaves also showed comparable results. The 
protocol worked well for all four selected cultivars, there-
fore this protocol may be utilized for other tea cultivars’ 
protoplast isolation and would be helpful in the genetic 
improvement of tea widely.

Fig. 9 (a) Purified protoplast at 1000x (bar = 10 μm). (b) Protoplast size measured using scale bar at 1000x
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Table 1 Comparative analysis of protoplast isolation protocol of different woody plants as per literature
Plant Sample Enzyme concentration Incubation condi-

tions (duration, 
temperature, 
shaking)

Purification Yield
(protoplast/gFW)

Viability 
(%)

Source

Jasminum sambac 
and J. mesnyi

Callus 1.5% cellulase, 0.4% mac-
erozyme, 0.8% pectinase

4 h 26–30 °C 
in dark, 
50 rpm

21% sucrose,
100×g for 
3 min at 4 °C

23.8 ± 4.3 × 106 88  [32]

Leaves 4 h 5.6 ± 3.9 × 106 89.6

Flowers 10 h 3.9 ± 5.0 × 106 83

Stems 6 h 3.3 ± 0.5 × 106 72.5

Holm Oak (Quercus 
ilex L.)

Leaf tissue 2% cellulase, 1% 
macerozyme

25 °C for 4 h in 
dark, 50 rpm

11% mannitol, 
1000×g for 
5 min at RT

61.5 ± 9.7 × 106 -  [42]

Rubber tree 5–7 day old 
etiolated
leaves

1.5% cellulase, 0.6% 
macerozyme

4–5 h at 26–28 °C 
in dark, 60 rpm

900 rpm for 
3 min at 4 °C

- -  [43]

Peach Mesocarp tis-
sue (Fruits)

2% cellulase
and 0.2% macerozyme

30 °C
for 4 h

300×g for 
10 min at 4 °C

- -  [27]

Asian white birch Young 
microculture

0.5% cellulase, 0.1% 
maceroenzyme

16-18 h, 50 rpm 350×g for 
10 min

100 ± 0.3 × 104 95  [44]

‘Boule de Neige’ 
Rhododendron

260.0 ± 0.3 × 104 99

‘Gibraltar’ Azalea 2% cellulase, 0.5% 
maceroenzyme

4–6 h, 50 rpm 52 ± 0.6 × 104 62

Apricot Leaves from in 
vitro shoots

1% cellulase, 0.1% 
pectolyase,
1% hemicellulase

13–16 h 21% sucrose
75×g at RT

20.97 × 106 (Plas-
molysis of the leaves 
in a 13% sorbitol 
solution for 90 min)

83  [28]

Magnolia Young leaves 3% cellulase, 0.8% macero-
zyme, 0.04% pectinase

6 h, 25 °C, 60 rpm 100×g for
10 min

1.89 × 105 -  [45]

Ginkgo biloba L. Leaves 2% cellulase, 0.2% pectoly-
ase, 1.5% macerozyme

5 h in dark at 25 °C, 
50 rpm

50×g for 3 min 5.39 × 106 80.23  [31]

Albizia julibrissin Leaves from 
in-vitro 
seedlings

1.5% cellulase, 1% 
pectolyase

6 h in dark at 
25 ± 2 °C, 40 rpm

100×g for 
5 min

6.31 × 105 87  [46]

Callus 2% cellulase, 1% pectolyase 16 h in dark at 
25 ± 2 °C, 40 rpm

5.53 × 105 85

Platycladus orientalis Young and 
fresh scale 
leaves

1.5% cellulase, 0.4% mac-
erozyme, 0.4% pectolyase, 
1.0% ligninase

16 h in dark at 
25 °C, 40 rpm

- 9.60 × 103 52.4  [47]

Areca catechu Leaf peels 2% cellulase, 0.5% 
macerozyme

12 h dark at 25 ℃, 
40 rpm

100×g for 
3 min

2.5 × 107 86.6  [33]

Camellia oleifera Leaves 1.5% cellulase, 0.5% mac-
erozyme, 0.25% Snailase

28 ℃ in dark, 
40 rpm

15×g for 4 min 3.5 × 107 90.9%  [40]

C. sinensis var. sinensis 
cv. ‘shuchazao’

Leaf 1.5% cellulase, 0.5% mac-
erozyme, 0.7% snailase

25 °C for 4 h in the 
dark

100×g for 
2 min with 
a swinging 
bucket rotor

3.5–6.6 × 106 73-82%  [39]

Camellia sinensis (L.) 
O. Kuntze
Cultivars used:
Zijuan, Shuchazao, 
Huang shanbaicha 
and Huangkui

Tender leaves 1.5% cellulase, 0.4–0.6% 
macerozyme

10 h 65% iodixanol
200×g for 
3 min

3.27 × 106 92.94  [38]

Mature leaves 1.48 × 106 83.23

Unlignified 
branches

1.20 × 106 80.97

3.20 × 106 89
Roots

Camellia sinensis (L.) 
O. Kuntze
Cultivars used:
Him Sphurti (China 
type), TV 23 (Cambod 
type), Upasi 9 (Assam 
type), and Kangra 
Asha (China type)

Tissue 
cultured

0.6% macerozyme, 3% cel-
lulase, 1% hemicellulase

12 h in dark at 28 
ºC, 60 rpm

25% sucrose 
100×g for 
5 min with 
a swinging 
bucket rotor

4.5 × 107 95% This 
study

Field grown 1.5 × 107 80%

Hydroponi-
cally grown

3.9 × 107 89%

RT- room temperature



Page 14 of 15Kumar et al. Plant Methods          (2023) 19:147 

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13007-023-01120-z.

Supplementary Material 1: Important features to distinguish different tea 
cultivars used in the study

Acknowledgements
The authors are grateful to the Director, CSIR-Institute of Himalayan 
Bioresource Technology, Palampur, India for his encouragement in providing 
laboratory facilities. The authors are thankful to Dr. Rakesh Kumar Sud and Dr. 
Sanatsujat Singh for providing tea plant material for this study.

Author Contributions
AK: designed experiments, performed experiments, analyzed the data and 
wrote the manuscript. NR: performed experiments, analyzed the data and 
wrote the manuscript. Shweta: performed experiments. RJ: provided valuable 
comments. SSP: designed and supervised the study, analyzed the data, wrote 
the manuscript, project administration, and funding acquisition. All authors 
have read and approved the final manuscript.

Funding
The Council of Scientific and Industrial Research (CSIR), India [MLP-0170 (FBR-
Genome-Editing Network Project MLP-008)] financially supported this study. 
Nikhil Rawat acknowledges the Department of Biotechnology (DBT), India for 
awarding financial support in the form of JRF and to the Academy of Scientific 
and Innovative Research (AcSIR), Ghaziabad for Ph.D. registration.

Data Availability
The datasets supporting the conclusions of this article are included within the 
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Biotechnology Division, Council of Scientific and Industrial Research 
(CSIR)-Institute of Himalayan Bioresource Technology, Palampur  
176061, India
2Academy of Scientific and Innovative Research (AcSIR),  
Ghaziabad 201002, India

Received: 1 September 2023 / Accepted: 1 December 2023

References
1. Chen L, Zhou ZX, Yang YJ. Genetic improvement and breeding of tea plant 

(Camellia sinensis) in China: from individual selection to hybridization and 
molecular breeding. Euphytica. 2007;154:239–48.

2. Das SC, Das S, Hazarika M. Breeding of Tea Plant (Camellia sinensis) in India. In: 
Chen L, Apostolides Z, Chen ZM, editors. Global tea breeding: achievements 
challengers and prospective. Berlin; Heidelberg: Zhejiang University Press; 
Springer-Verlag).: Hangzhou; 2012. pp. 69–124.

3. Yao MZ, Chen L. Tea germplasm and breeding in China. In: Chen L, 
Apostolides Z, editors. Global tea breeding: achievements challengers and 
prospective. Berlin; Heidelberg: Zhejiang University Press; Springer-Verlag.: M. 
Chen Hangzhou; 2012. pp. 13–68.

4. Meegahakumbura MK, Wambulwa MC, Thapa KK, Li MM, Möller M, Xu JC, 
Yang JB, Liu BY, Ranjitkar S, Liu J, Li DZ. Indications for three Independent 
domestication events for the tea plant (Camellia sinensis (L.) O. Kuntze) and 
new insights into the origin of tea germplasm in China and India revealed by 
nuclear microsatellites. PLoS ONE. 2016;11:e0155369.

5. Gunasekare MTK. Tea plant (Camellia sinensis) breeding in Sri Lanka. In: 
Chen L, Apostolides Z, Chen ZM, editors. Global tea breeding: achievements 
challengers and prospective. Berlin; Heidelberg: Zhejiang University Press; 
Springer-Verlag).: Hangzhou; 2012. pp. 125–76.

6. Sriyadi B, Suprihatini R, Khomaeni HS. The development of high yielding tea 
clones to increase Indonesian tea production. In: Chen L, Apostolides Z, Chen 
ZM, editors. Global tea breeding: achievements challengers and prospective. 
Berlin; Heidelberg: Zhejiang University Press; Springer-Verlag.: Hangzhou; 
2012. pp. 299–308.

7. Kavanagh KT, Hafer LJ, Kim DW, Mann KK, Sherr DH, Rogers AE, Sonenshein 
GE. Green tea extracts decrease carcinogen-induced mammary Tumor 
burden in rats and rate of Breast cancer cell proliferation in culture. J Cell 
Biochem. 2001;82:387–98.

8. Haqqi TM, Anthony DD, Gupta S, Ahmad N, Lee MS, Kumar GK, Mukhtar 
H. Prevention of collagen-induced arthritis in mice by a polyphenolic 
fraction from green tea. Proceedings of the National Academy of Sciences. 
1999;96:4524–4529.

9. Sartippour MR, Shao Z-M, Heber D, Beatty P, Zhang L, Liu C, Ellis L, Liu W, Go 
VL, Brooks MN. Green tea inhibits vascular endothelial growth factor (VEGF) 
induction in human Breast cancer cells. J Nutr. 2002;132:2307–11.

10. Weinreb O, Mandel S, Amit T, Youdim MBH. Neurological mechanisms of 
green tea polyphenols in Alzheimer’s and Parkinson’s Diseases. J Nutr Bio-
chem. 2004;15:506–16.

11. Xing L, Zhang H, Qi R, Tsao R, Mine Y. Recent advances in the understanding 
of the health benefits and molecular mechanisms associated with green tea 
polyphenols. J Agric Food Chem. 2019;67:1029–43.

12. Mondal T, Bhattacharya A, Ahuja P, Chand P. Transgenic tea [Camellia sinensis 
(L.) O. Kuntze Cv. Kangra Jat] plants obtained by Agrobacterium-mediated 
transformation of somatic embryos. Plant Cell Rep. 2001;20:712–20.

13. Sheen J. Signal transduction in maize and Arabidopsis mesophyll protoplasts. 
Plant Physiol. 2001;127:1466–75.

14. Davey MR, Anthony P, Power JB, Lowe KC. Plant protoplasts: status and 
biotechnological perspectives. Biotechnol Adv 23. 2005;131–71.

15. Aoyagi H. Application of plant protoplasts for the production of useful 
metabolites. Biochem Eng J. 2011;56:1–8.

16. Karamian R, Sharifzadeh A, Ranjbar M. Evidence of somatic embryogen-
esis for plantlet regeneration in Muscari neglectum Guss. Afr J Agr Res. 
2011;6:3247–51.

17. Kiełkowska A, Adamus A. An alginate-layer technique for culture of Brassica 
oleracea L. protoplasts. Vitro Cell Dev Biology-Plant. 2012;48:265–73.

18. Gieniec M, Siwek J, Oleszkiewicz T, Maćkowska K, Klimek-Chodacka M, 
Grzebelus E, Baranski R. Real-time detection of somatic hybrid cells during 
electrofusion of carrot protoplasts with stably labelled mitochondria. Sci Rep. 
2020;10:18811.

19. Reyna-Llorens I, Ferro-Costa M, Burgess SJ. Plant protoplasts in the age of 
synthetic biology. J Exp Bot. 2023 May;23:erad172.

20. Grosser JW, Gmitter FG. Protoplast fusion for production of tetraploids and 
triploids: applications for scion and rootstock breeding in citrus. Plant Cell 
Tissue and Organ Culture (PCTOC). 2011;104:343–57.

21. Xiao S-X, Biswas MK, Li M-Y, Deng XX, Xu Q, Guo WW. Production and molecu-
lar characterization of diploid and tetraploid somatic cybrid plants between 
male sterile Satsuma mandarin and seedy sweet orange cultivars. Plant Cell 
Tissue and Organ Culture (PCTOC). 2014;116:81–8.

22. Fu L, Yang X, Zhang X, Wang ZW, Feng CH, Liu CX, Jiang PY, Zhang J. 
Regeneration and identification of interspecific asymmetric somatic hybrids 
obtained by donor-recipient fusion in cotton. Chin Sci Bull. 2009;54:3035–44.

23. Yoo S-D, Cho Y-H, Sheen J. Arabidopsis mesophyll protoplasts: a versatile cell 
system for transient gene expression analysis. Nat Protoc. 2007;2:1565–72.

24. Zhang Y, Su J, Duan S, Ao Y, Dai J, Liu J, Wang P, Li Y, Liu B, Feng D, Wang J. A 
highly efficient rice green tissue protoplast system for transient gene expres-
sion and studying light/chloroplast-r4.

25. Chen J, Yi Q, Song Q, Gu Y, Zhang J, Hu Y. A highly efficient maize nucellus 
protoplast system for transient gene expression and studying programmed 
cell death-related processes. Plant Cell Rep. 2015;34:1239–51.

26. Guo J, Morrell-Falvey JL, Labbé JL, Muchero W, Kalluri UC, Tuskan GA, Chen JG. 
Highly efficient isolation of Populus mesophyll protoplasts and its application 
in transient expression assays. PLoS ONE. 2012;7(9).

https://doi.org/10.1186/s13007-023-01120-z
https://doi.org/10.1186/s13007-023-01120-z


Page 15 of 15Kumar et al. Plant Methods          (2023) 19:147 

27. Honda C, Moriguchi T. High GUS expression in protoplasts isolated from 
immature peach fruits. Sci Hortic. 2006;109:244–7.

28. Ortin-Parraga F, Burgos L. Isolation and culture of mesophyll protoplast from 
apricot. J Hortic Sci Biotechnol. 2003;78:624–8.

29. Guo WW, Deng XX, Yi HL. Somatic hybrids between navel orange (Citrus 
sinensis) and grapefruit (C. Paradisi) for seedless triploid breeding. Euphytica. 
2000;116:281–5.

30. Xiaodong CA, Jing FU, Wenwu GU. Mitochondrial genome of callus proto-
plast has a role in mesophyll protoplast regeneration in Citrus: evidence from 
transgenic GFP somatic homo-fusion. Hortic Plant J. 2017;3(5):177–82.

31. Lai Q, Wang Y, Zhou Q, Zhao Z. Isolation and purification of mesophyll proto-
plasts from Ginkgo biloba L. Cytologia. 2020;85:27–32.

32. Ahmed MAA, Miao M, Pratsinakis ED, Zhang H, Wang W, Yuan Y, Lyu M, Iftikhar 
J, Yousef AF, Madesis P, Wu B. Protoplast isolation, fusion, culture and transfor-
mation in the woody plant Jasminum spp. Agriculture. 2021;11:699.

33. Wang Y, Wang L, Liu H, Gou B, Hu W, Qin L, Shen W, Wang A, Cui H, Dai Z. 
Direct leaf-peeling method for areca protoplasts: a simple and efficient 
system for protoplast isolation and transformation in areca palm (Areca 
catechu). BMC Plant Biol. 2023;23:1–9.

34. Gunasekare MTK, Evans PK. Isolation of protoplasts from leaf tissue of tea 
Camellia sinensis (L) O. Kuntz: factors afffecting protoplast yield and viability. 
Trop Agricultural Res. 1998;10:1–11.

35. Liu Y, Jin X, Ma L, Cao D, Gong Z, Wei C. Isolation and purification of 
mesophyll protoplasts from the leaves of Camellia sinensis. Plant Sci J. 
2017;35:908–11.

36. Peng Z, Tong H, Liang G, Shi Y, Yuan L. Protoplast isolation and fusion induced 
by PEG with leaves and roots of tea plant (Camellia sinensis LO Kuntze). Acta 
Agron Sinica. 2018;44:463–706.

37. Zhou Y, Deng R, Xu X, Yang Z. Isolation of mesophyll protoplasts from tea 
(Camellia sinensis) and localization analysis of enzymes involved in the bio-
synthesis of specialized metabolites. Beverage Plant Research. 2021;1(1):1–9.

38. Xu X, Zhu H, Ren Y, Feng C, Ye ZH, Cai HM, Wan XC, Peng CY. Efficient isola-
tion and purification of tissue-specific protoplasts from tea plants (Camellia 
sinensis (L.) O. Kuntze). Plant Methods. 2021;17:1–12.

39. Wang Q, Wu Y, Peng A, Cui J, Zhao M, Pan Y, Zhang M, Tian K, Schwab W. Song 
C single-cell transcriptome atlas reveals developmental trajectories and a 
novel metabolic pathway of catechin esters in tea leaves. Plant Biotechnol J. 
2022;20:2089–106.

40. Li S, Zhao R, Ye T, Guan R, Xu L, Ma X, Zhang J, Xiao S, Yuan D. Isolation, puri-
fication and PEG-mediated transient expression of mesophyll protoplasts in 
Camellia Oleifera. Plant Methods. 2022;18:141.

41. Ahuja MR. Micropropagation à La Carte. In: Micropropagation of Woody 
plants. Springer. 1993; 3–9.

42. Kuzminsky E, Meschini R, Terzoli S, Pavani L, Silvestri C, Choury Z, Scarascia-
Mugnozza G. Isolation of mesophyll protoplasts from mediterranean woody 
plants for the study of DNA integrity under abiotic stress. Front Plant Sci. 
2016;7:1168.

43. Fan Y, Xin S, Dai X, Yang X, Huang H, Hua Y. Efficient genome editing of rubber 
tree (Hevea brasiliensis) protoplasts using CRISPR/Cas9 ribonucleoproteins. 
Ind Crops Prod. 2020;146:112146.

44. Russell JA, McCown BH. Culture and regeneration of Populus leaf protoplasts 
isolated from non-seedling tissue. Plant Sci. 1986;46(2):133–42.

45. Shen Y, Meng D, McGrouther K, Zhang J, Cheng L. Efficient isolation of Mag-
nolia protoplasts and the application to subcellular localization of MdeHSF1. 
Plant Methods. 2017;13(1):1–0.

46. Rahmani MS, Pijut PM, Shabanian N. Protoplast isolation and genetically true-
to-type plant regeneration from leaf-and callus-derived protoplasts of Albizia 
julibrissin. Plant Cell Tissue and Organ Culture (PCTOC). 2016;127:475–88.

47. Zhou Q, Jiang Z, Li Y, Zhang T, Zhu H, Zhao F, Zhao Z. Mesophyll protoplast 
isolation technique and flow cytometry analysis of ancient Platycladus orien-
talis (Cupressaceae). Turkish J Agric Forestry. 2019;43(3):275–87.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	A highly efficient protocol for isolation of protoplast from China, Assam and Cambod types of tea plants [Camellia sinensis (L.) O. Kuntze]
	Abstract
	Introduction
	Materials and methods
	Plant materials
	Field-grown leaf explants
	Hydroponically grown leaf explants
	Tissue culture-grown leaves


	Preparation of the enzyme solution
	Isolation of the protoplast
	Protoplast purification
	Protoplast yield and viability test
	Statistical analysis
	Results and discussion
	Optimized procedure for protoplast isolation
	Effect of enzyme concentration on protoplast isolation
	Effect of mannitol concentration on yield and viability of protoplast
	Effect of time of enzymatic hydrolysis
	Effect of vacuum treatment on protoplast isolation
	Effect of type of leaf explant on protoplast yield and viability
	Effect of different cultivars on protoplast yield and viability

	Conclusion
	References


