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Abstract This study investigated the effects of enzyme type and concentration, osmotic
environment, and digestion time on protoplast yield and viability. The results indicated that both
the type and concentration of cellulase significantly influenced protoplast yield and viability.
Specifically, Cellulase R-10 outperformed Cellulase RS, with a 2.0 % Cellulase R-10 yielding
the highest protoplast density (4.51 x10° cells/g fresh weight) and a viability of 95.80%. For
pectinolytic enzyme, macerozyme at a concentration of 0.3% was optimal, yielding a higher
protoplast yield (4.38 x10° cells/g fresh weight) compared to higher concentrations. The optimal
osmotic environment was achieved with 0.4 M mannitol, which maintained a viability rate above
94% and produced a maximum yield of 4.38 x 10° cells/g fresh weight and a viability of 95.93%.
Higher mannitol concentrations led to a continuous decline in both yield and viability.
Furthermore, an enzymatic digestion time of 16 hours was found to be the optimal, resulting in a
maximum yield of 4.42 x10° cells/g fresh weight without reducing cell viability. In conclusion,
the combination of 2.0% Cellulase R-10, 0.3% macerozyme, and 0.4 M mannitol, and 16 hours
provides a robust and reproducible protocol for cannabis protoplast isolation. This is providing a
foundation for advanced cellular and molecular studies in cannabis biotechnology.
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Introduction

Cannabis sativa L. (Cannabaceae) has long been cultivated for fiber and
seed production. In recent years, however, interest in this species has expanded
because of its medicinal and economic potential, particularly its non-
psychoactive compounds such as cannabidiol (CBD) (Farinon et al., 2020;
Freeman et al., 2019; Vandepitte et al., 2020). The species displays extensive
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phenotypic and chemical diversity, which underpins its classification into “drug-
type” and “industrial hemp” varieties (de Meijer and Keizer, 1996). In addition,
industrial cannabis varieties containing less than 0.3% THC are increasingly
being used in sustainable agriculture, nutraceutical applications, and plant
biotechnology research (Fike, 2016; Thomas and ElSohly, 2015).

Despite its growing importance, stable genetic transformation in cannabis
remains difficult because of several biological limitations. These challenges still
limit the use of functional genes and genomes in this species (Hesami et al.,
2020). As an alternative approach, protoplast-based systems have gained
attention because it doesn't have to create all new plants. Due to protoplasts
consist of single living cells without cell walls. They are widely used in transient
expression assays, localization studies, and genome editing experiments (Lin
etal., 2018).

Protoplasts serve as a robust platform for exploring gene function and
cellular signaling pathways. This efficiency may be affected by the removal of
the cell wall significantly increasing membrane permeability, facilitating the
direct introduction of nucleic acids and protein complexes (Yoo et al., 2007).
Among the various plant tissues available, mesophyll cells from leaves are
commonly used for protoplast isolation due to their high cell density and active
photosynthetic pathway (Sheen, 2001). In cannabis, leaf tissue is a material for
protoplast extraction. However, the enzymatic release of protoplasts from
cannabis leaves is challenging due to the structural complexity and robustness of
the cell wall.

The cannabis cell wall consists of cellulose microfibrils that are notably
resistant to enzymatic breakdown (Lee ef al.,2011; Zhao et al.,2021). Successful
isolation requires a balance of multiple factors, including the concentration and
combination of enzymes (cellulase and pectinase or macerozyme), incubation
duration, pH, and osmotic stabilizers such as mannitol (Wu et al., 2009; Bai et
al., 2020).

Morimoto et al. (2007) were reporting the work in protoplast isolation from
suspension cultures of C. sativa L. while Beard et al. (2021) successfully isolated
viable protoplasts from the high-CBD cannabis cultivar ‘Cherry x Otto II:
Sweetened’ and demonstrated transient gene expression using polyethylene
glycol (PEG)-mediated transformation. However, their work did not extend to
cell division or regeneration. Piunno et al. (2019) and Galan-Avila et al. (2020)
refined enzyme formulations and incubation protocols to improve protoplast
yield and viability. These optimized protocols employed cellulase R-10 and
macerozyme R-10 in combination with osmotic and membrane-stabilizing
buffers such as mannitol, MES, and calcium chloride (CaCl,) to enhance cell
viability and prevent lysis during digestion.
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Consequently, this study aimed to optimize leaf digestion by analyzing
three parameters critical to protoplast yield and viability: enzyme combination,
incubation length, and osmotic stability.

Materials and methods
Plant materials

All research was performed under the Expert Center of Innovative
Agriculture, Thailand Institute of Scientific and Technological Research, Pathum
Thani, Thailand. C. sativa L. ‘Hang Kra Rog’ was used in this study for
protoplast isolation optimization. Seeds were germinated and maintained in a
growth chamber (16 hours light/8 hours dark, 27 °C day/25 °C night, and 80-100
nE). Expanded leaves from 14 day old plants were used as the source material
for protoplast isolation.

Protoplast isolation, purification and quantification

An enzyme solution (15 mL) was freshly prepared prior to tissue digestion.
These enzyme solutions were used in protoplast isolation, adapted from Li
(2011). Protoplasts were isolated from 14-day-old plantlets, young leaves (0.3 g)
were cut into thin strips (0.5-1.0 mm) (Fig. 1A) and incubated in a petri dish
containing enzyme solution of 1.5, 2.0 and 2.5% (w/v) Cellulase Onozuka RS or
R-10 (Yakult Honsha Co., Ltd., Tokyo, Japan); 0.3, 0.4 and 0.5% (W/v)
Macerozyme R-10 (Yakult Honsha Co., Ltd., Tokyo, Japan); 0.4, 0.5, 0.6, 0.7
and 0.8 M mannitol; 20 mM MES (pH 5.7); 20 mM KCl; 0.1% Fetal bovine
serum (FBS) (Sigma-Aldrich); 10 mM CaCl, and 5 mM B-mercaptoethanol, and
filter-sterilized using a 0.22 um filter (Sigma-Aldrich). Leaf strips were placed
in a vacuum desiccator, and a vacuum was applied for 30 minutes to facilitate
enzyme infiltration. The samples were then incubated in the dark at 25 +2 °C on
a rotary shaker set at 40 rpm for 12, 16, or 24 hours, with each time point
conducted in triplicate. Post-digestion, the cell mixture was filtered through a
sterile 75 pm nylon mesh into 15 mL sterile polypropylene centrifuge tubes. The
filtrate was centrifuged at 800 rpm for 3 minutes to pellet the protoplasts. The
supernatant was carefully removed, and the pellet was resuspended in 3 mL of
WS solution (containing 5 mM glucose, 5 mM KCl, 2 mM MES-K buffer at pH
5.7, 125 mM CaClp, and 154 mM NaCl). After that, the suspension was
transferred to a new 15 mL tube. A 5 mL aliquot of 20% (w/v) sucrose solution
was carefully added and then carefully separate them into layers before being
centrifuged. The protoplasts were then collected from the interphase between the
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solution layers. It was then transferred to a new tube containing 3 mL of W5
solution and centrifuged as the final step. After pouring out the supernatant, the
pellet is suspended again in a 1 mL volume of W5 solution and the yield of the
protoplast is counted using a hemocytometer.

Protoplast density was determined using a hemocytometer. A 10 puL
protoplast suspension was carefully loaded onto the hemocytometer beneath a
coverslip and then examined under a light microscope at 40x magnification (Fig.
2A). Cell counts were recorded from multiple squares to calculate an average.
The concentration of protoplasts per milliliter per gram of leaf tissue was
calculated using the following formula:

Protoplasts/mL = Average number of cells per square x dilution factor x 10%.

The viability of isolated protoplasts was assessed by trypan blue staining:
the trypan blue solution was prepared by mixing 20 uL. 0.4% trypan blue with
180 pL protoplast suspension at a 1:10 dilution, with a final concentration of
trypan blue staining of 0.04%. The samples were incubated in darkness at 25 °C
for 5 minutes and protoplast viability was assessed using a microscope (Fig. 2B).
The protoplast viability was calculated using the following equation:

Protoplast viability (%) = (viable protoplasts/total number of protoplasts) x 100%.

Figure 1. Protoplast isolation from leaves of Cannabis sativa L. ‘Hang Kra Rog’:
(A) Leaf segments (0.5-1.0 mm wide) were immersed in enzymatic digestion
medium. (B) Samples were incubated in the dark at 25°C for 16 h. (C)
Protoplasts collected at the interphase following density gradient centrifugation
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Figure 2. Isolation and viability of protoplasts from leaves of Cannabis sativa L.
‘Hang Kra Rog’. The freshly isolated protoplasts of cannabis leaves (A) and
viable protoplasts were not stained (a), while the only non-viable protoplasts
were stained with trypan blue (b), scale bar = 50 um.

Statistical analysis

Mean values were analyzed using one-way analysis of variance (ANOVA)
with SPSS version 25 software (SPSS Inc., Chicago, USA). Significant
differences among treatments were determined using Duncan’s Multiple Range
Test (DMRT) at the 0.05 probability level.

Results

Effect of enzyme concentrations on protoplast isolation

Cellulase type (Cellulase RS and R-10) and concentration (1.5%, 2.0%,
and 2.5%) significantly affected both protoplast yield and viability (p < 0.05).
Among the tested treatments, 2.0% Cellulase R-10 yielded the highest number
of viable protoplasts (4.51 £ 0.28 x 10¢ cells/g fresh weight) with a viability of
95.80 £0.92%. However, the yield and viability at 2.0% Cellulase R-10 were not
significantly different from those obtained with 1.5% and 2.5% Cellulase R-10.
In contrast, all concentrations of RS cellulase resulted in significantly lower
protoplast yields and viabilities (Table 1, Figure 3).
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Table 1. Effect of cellulase types and concentrations on protoplast yield and
viability of protoplast isolation from cannabis (Cannabis sativa L. ‘Hang Kra
Rog’) leaves

Type of celluase Cellul.ase Protoplast
concentrations (%) Yield (x10° cells/g FW) Viability (%)

1.5 4.01+0.18% 82.20+0.80°

RS 2.0 3.82+0.08¢ 82.47+1.29°

2.5 2.94+0.43¢ 82.13+0.99°

1.5 4.37+0.26% 96.20+0.722

R-10 2.0 4.51+0.28* 95.80+0.92°

2.5 4.23+0.23%¢ 95.00+0.35%

C.V. (%) 6.59 1.00

Note: The data are expressed as mean+SD. Numbers followed by the same letter in the same
column are not significantly different at a 95% confidence level, as determined by DMRT.
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Figure 3. Effect of cellulase types and concentrations on protoplast yield and
viability of protoplast isolation from cannabis (Cannabis sativa L. ‘Hang Kra
Rog’) leaves

Effect of macerozyme concentrations on protoplast isolation

Macerozyme concentration (0.3%, 0.4%, and 0.5%) also influenced
protoplast isolation efficiency. The data indicated that 0.3% macerozyme
provided the highest yield (4.38 + 0.11 x10¢ cells/g fresh weight), which was
significantly higher (p < 0.05) than yields obtained with 0.4% and 0.5%
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concentrations. However, there were no statistically significant differences in
protoplast viability across the treatments, all of which remained above 94%
(Table 2, Figure 4).

Table 2. Effect of macerozyme concentrations on protoplast yield and viability
of protoplast isolation from cannabis (Cannabis sativa L. ‘Hang Kra Rog’) leaves

Macerozyme Protoplasts
concentrations (%) Yield (x10° cells/g FW) Viability (%)
0.3 4.38+0.11° 95.53+0.46
0.4 3.15+0.13b 94.67+0.64
0.5 1.66+0.12¢ 94.73+0.42
C.V. (%) 3.86 0.54

Note: The data are expressed as mean+SD. Numbers followed by the same letter in the same column are
not significantly different at a 95% confidence level, as determined by DMRT.
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Figure 4. Effect of macerozyme concentrations on protoplast yield and viability
of protoplast isolation from cannabis (Cannabis sativa L. ‘Hang Kra Rog’) leaves

Effect of mannitol concentrations on protoplast isolation

Changes in mannitol concentration (0.4—0.8 M) had a marked effect on
both protoplast yield and viability. The best results were obtained at 0.4 M
mannitol, which resulted in the highest protoplast yields (4.38 = 0.06 x10¢° cells/g
fresh weight) and viability (95.93 £ 0.58). Increasing mannitol concentration
above 0.4 M progressively reduced both yield and viability, with the lowest
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values recorded at 0.8 M mannitol (Table 3, Figure 5). Statistical analysis
confirmed significant differences among treatments (p < 0.05).

Table 3. Effect of mannitol concentrations on protoplast yield and viability of
protoplast isolation from cannabis (Cannabis sativa L. ‘Hang Kra Rog’) leaves

Mannitol Protoplasts
concentrations (M) Yield (x10° cells/g FW) Viability (%)

0.4 4.38+0.06 95.93+0.58%
0.5 4.19+0.01° 90.93+0.50°
0.6 3.75+0.04¢ 88.60+0.20°
0.7 1.55+0.13¢ 82.73+0.12¢
0.8 1.22+0.06° 82.60+0.40¢

C.V. (%) 2.44 0.45

Note: The data are expressed as mean+SD. Numbers followed by the same letter in the same column are
not significantly different at a 95% confidence level, as determined by DMRT.
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Figure 5. Effect of mannitol concentrations on protoplast yield and viability of
protoplast isolation from cannabis (Cannabis sativa L. ‘Hang Kra Rog’) leaves

Effect of enzymatic incubation time on protoplast isolation

Enzymatic digestion time (12, 16, and 20 hours) also affected protoplast
isolation efficiency. A 16-hour incubation period produced the highest yield of
protoplasts (4.42 + 0.02 x10° cells/g fresh weight), which was significantly
higher than the yields obtained at 12 and 20 hours of digestion (p < 0.05). In
contrast, protoplast viability was not significantly influenced by incubation
duration, remaining within the range of 93.33-94.13% across all treatments
(Table 4, Figure 6).
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Table 4. Effect of incubate time on protoplast yield and viability of protoplast
isolation from cannabis (Cannabis sativa L. ‘Hang Kra Rog’) leaves

. Protoplasts
Incubate time (hrs.) - .
Yield (x10° cells/g FW) Viability (%)
12 3.63+0.05° 93.33+0.64
16 4.42+0.02% 94.13+0.61
20 3.70+0.04° 94.00+0.69
C.V. (%) 0.98 0.69

Note: The data are expressed as mean+SD. Numbers followed by the same letter in the same column are
not significantly different at a 95% confidence level, as determined by DMRT.
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Figure 6. Effect of incubate time on protoplast yield and viability of protoplast
isolation from cannabis (Cannabis sativa L. ‘Hang Kra Rog’) leaves

Discussion

The successful isolation of protoplasts from C. sativa L. leaves is highly
influenced by multiple enzymatic. Our results clearly demonstrate that the type
and concentration of cellulase are critical factors in determining both protoplast
yield and viability. Specifically, Cellulase R-10 consistently produced higher
yields and viability compared to Cellulase RS. This observation is consistent with
findings in tobacco and tomato, where Cellulase R-10 was proven to be more
efficient in degrading mesophyll tissues (Sheen, 2001; Yoo et al., 2007).
However, during cell wall digestion, a distinct physiological challenge exists in
this species: cannabis leaf tissue is rich in secondary substances such as
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cannabinoids and terpenoids, which actively interfere with enzyme activity and
membrane stability (Lata et al., 2010).

To determining the optimal pectinolytic conditions, the macerozyme
concentration for protoplast isolation was optimized at 0.3%, as higher
concentrations led to significantly reduced protoplast yield. The decreased
protoplast yield at higher enzyme concentrations is a critical saturation point and
highlights the importance of optimizing enzymatic concentrations. This balance
is very important in C. sativa L., where the structural characteristics of the leaf
and cell wall can vary dynamically depending on the cultivar and developmental
stage. Similarly, studies in Arabidopsis thaliana (Wu et al., 2009) and rice (Lin
et al., 2018) reported that elevated macerozyme levels caused excessive
degradation of the cell wall and compromised membrane integrity.

The study showed that 0.4 M mannitol provided the optimal osmotic
balance, which is consistent with protoplast protocols in various plant species
(Xuetal.,2021). Furthermore, studies on cannabis indicate that elevated osmotic
environments can affect both the synthesis of phytocannabinoids and the stability
of intracellular components during tissue culture applications (Lata
et al., 2010). Therefore, maintaining the optimal mannitol concentration not only
preserves osmotic pressure to prevent physical collapse but may also indirectly
reduce stress level and possible to induced metabolic responses during protoplast
isolation.

Our findings indicated that a 16-hour incubation period resulted in the
highest number of protoplasts without compromising cell viability compared to
shorter or longer digestion times. Although extended exposure (e.g., beyond 20
hours) may heighten membrane permeability or trigger detrimental oxidative
stress responses (Barnes et al., 2019), the data indicate that cannabis protoplasts
can withstand overnight digestion effectively when optimal enzyme
concentrations and osmotic conditions are maintained.

Recently, global interest in cannabis biotechnology has surged, particularly
in genome editing, secondary metabolite engineering, and in vitro breeding
(Zhang et al., 2019). However, the development of protoplast-based systems for
cannabis remains severely limited. Only a few studies have explored transient
gene expression and genome editing in cannabis tissues, reporting low efficiency
and poor reproducibility (Galan-Avila et al., 2020). Our study presents a
reproducible and highly efficient method for isolating viable protoplasts from
cannabis leaves. By ensuring high viability and yield, this protocol can be applied
to molecular studies in cannabis, including genome editing, and metabolic
manipulation.

1918



International Journal of Agricultural Technology 2026 Vol. 22(4):1909-1920

Acknowledgements

We gratefully acknowledge the Expert Center of Innovative Agriculture, Thailand Institute of
Scientific and Technological Research, for funding the laboratory process. Furthermore, we extend
our sincere appreciation to the School of Agricultural Technology, King Mongkut’s Institute of
Technology Ladkrabang for generously providing the plant material evaluated in this study.

Conflicts of interest
The authors declare no conflict of interest.
References

Bai, L., Cheng, Y., She, J., He, Z., Liu, H., Zhang, G., Cao, R. and Chen, Y. (2020). Development of
an efficient protoplast isolation and transfection system for castor bean
(Ricinus communis L.). Plant Cell, Tissue and Organ Culture, 143:457-464.

Barnes, A. C., Elowsky, C. G. and Roston, R. L. (2019). An Arabidopsis protoplast isolation method
reduces cytosolic acidification and activation of the chloroplast stress sensor SENSITIVE TO
FREEZING 2. Plant Signaling & Behavior, 14:16292707.
doi:10.1080/15592324.2019.1629270

Beard, K. M., Boling, A. W. H. and Bargmann, B. O. R. (2021). Protoplast isolation, transient
transformation, and flow-cytometric analysis of reporter-gene activation in
Cannabis sativa L. Industrial Crops and Products, 164:113360.

de Meijer, E. P. M. and Keizer, L. C. P. (1996). Patterns of diversity in Cannabis. Genetic Resources
and Crop Evolution, 43:41-52.

Farinon, B., Molinari, R., Costantini, L. and Merendino, N. (2020). The Seed of industrial hemp
(Cannabis sativa L.): nutritional quality and potential functionality for human health and
nutrition. Nutrients, 12:1935. doi:10.3390/nul2071935

Fike, J. (2016). Industrial Hemp: Renewed Opportunities for an Ancient Crop. Critical Reviews in
Plant Sciences, 35:406-424. doi:10.1080/07352689.2016.1257842

Freeman, T. P., Hindocha, C., Green, S. F. and Bloomfield, M. A. P. (2019). Medicinal use of cannabis
based products and cannabinoids. British Medical Journal, 365:11141.

Galan-Avila, A., Garcia-Fortea, E., Prohens, J. and Herraiz, F. J. (2020). Development of a direct in
vitro plant regeneration protocol from Cannabis sativa L. seedling explants: developmental

morphology of shoot regeneration and ploidy level of regenerated plants. Frontiers in Plant
Science, 11:645. doi:10.3389/fpls.2020.00645

Hesami, M., Pepe, M., Alizadeh, M., Rakei, A., Baiton, A. and Phineas Jones, A. M. (2020). Recent
advances in cannabis biotechnology. Industrial Crops and Products, 158:113026.
doi:10.1016/j.indcrop.2020.113026

Lata, H., Chandra, S., Khan, I. and ElSohly, M. A. (2010). High frequency plant regeneration from

leaf derived callus of high A9-tetrahydrocannabinol yielding Cannabis sativa L. Planta
Medica, 76:1629-33.

1919



Lee, K. J. D., Marcus, S. E. and Knox, J. P. (2011). Cell wall biology: perspectives from cell wall
imaging. Molecular Plant, 4:212-219. doi:10.1093/mp/ssq075

Li, X. (2011). A Transient Expression Assay Using Arabidopsis Mesophyll Protoplasts. Bio-protocol,
€70-e70. doi:10.21769/BioProtoc.70

Lin, C. S, Hsu, C. T., Yang, L. H,, Lee, L. Y., Fu, J. Y., Cheng, Q. W., Wu, F. H., Hsiao,
H. C. W.; Zhang, Y., Zhang, R., Chang, W. J., Yu, C. T., Wang, W, Liao, L. J., Gelvin, S. B.
and Shih, M. C. (2018). Application of protoplast technology to CRISPR/Cas9 mutagenesis:
from single-cell mutation detection to mutant plant regeneration. Plant Biotechnology Journal,
16:1295-1310. doi:10.1111/pbi.12870

Morimoto, S., Tanaka, Y., Sasaki, K., Tanaka, H., Fukamizu, T., Shoyama, Y., Shoyama, Y. and
Taura, F. (2007). Identification and characterization of cannabinoids that induce cell death
through mitochondrial permeability transition in cannabis Leaf Cells. Journal of

Biological Chemistry, 282:20739-20751. doi:10.1074/jbc.M700133200

Piunno, K., Golenia, G., Boudko, E. A., Downey, C. and Jones, A. M. P. (2019). Regeneration of
shoots from immature and mature inflorescences of Cannabis sativa. Canadian Journal of
Plant Science, 99:0308. doi:10.1139/CJPS-2018-0308

Sheen, J. (2001). Signal transduction in maize and Arabidopsis mesophyll protoplasts. Plant
Physiology, 127:1466-1475.

Thomas, B. F. and ElSohly, M. A. (2015). The analytical chemistry of cannabis: Quality assessment,
assurance, and regulation of medicinal marijuana and cannabinoid preparations. Elsevier.

Vandepitte, K., Vasile, S., Vermeire, S., Vanderhoeven, M., Van der Borght, W., Latré, J., De Raeve,
A. and Troch, V. (2020). Hemp (Cannabis sativa L.) for high-value textile applications: The
effective long fiber yield and quality of different hemp varieties, processed using industrial
flax equipment. Industrial Crops and Products, 158:112969.
doi:10.1016/j.indcrop.2020.112969

Wu, F. H., Shen, S. c., Lee, L. Y., Lee, S. H., Chan, M. T. and Lin, C. S. (2009). Tape-arabidopsis
sandwich-a simpler arabidopsis protoplast isolation method. Plant Methods, 5:16.

Xu, X.F.,Zhu, H. Y., Ren, Y. F., Feng, C., Ye, Z. H., Cai, H. M., Wan, X. C., and Peng, C. Y. (2021).
Efficient isolation and purification of tissue-specific protoplasts from tea plants (Camellia
sinensis (L.) O. Kuntze). Plant methods, 17:84.

Yoo, S.D., Cho, Y. H. and Sheen, J. (2007). Arabidopsis mesophyll protoplasts: a versatile cell system
for transient gene expression analysis. Nature Protocols, 2:1565-1572.

Zhang, Y., Malzahn, A. A., Sretenovic, S. and Qi, Y. (2019). The emerging and uncultivated potential
of CRISPR technology in plant science. Nature Plants, 5:778-794.

Zhao, X., Jayarathna, S., Turesson, H., Félt; A.-S., Nestor, G., Gonzalez, M. N., Olsson, N.,
Beganovic, M., Hofvander, P., Andersson, R. and Andersson, M. (2021). Amylose starch with
no detectable branchingdeveloped through DNA-free CRISPR-Cas9 mediated mutagenesis of
two  starch  branching enzymesin  potato.  Scientific = Reports,  11:4311.
https://doi.org/10.1038/s41598-021-83462-z

(Received: 15 August 2025, Revised: 20 June 2026, Accepted: 1 July 2026)

1920



