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ABSTRACT

The isolation of protoplasts from diverse plant species is a widely employed technique. The pur-
pose of this work is to develop an efficient system for isolating and purifying mesophyll proto-
plasts from Daucus carota. Main factors influencing the qualitative and quantitative dimensions
of protoplast isolation procedures attempted to be optimized, using the well-established proto-
plast fusion technique as the foundation for the comprehensive analysis, including sorbitol con-
centration during the preplasmolysis stage and the duration of the enzymolysis process, those
key variables affect the yield and survivability of the protoplasts. This research employed "Vil-1"
carrot leaves as the primary source material to isolate protoplasts through enzymolysis. The data
revealed that higher concentrations of sorbitol led to increased protoplast yield, with the optimal
concentration being 0.5 M, which resulted in up to 95% protoplast vitality. Furthermore, prolong-
ing the enzymolysis duration to 6 hours maximized both protoplast yield and vitality. The optimal
conditions for isolating protoplasts were determined to be 0.5 M sorbitol pre-treatment for one
hour, combined with a mixture of 1% cellulase, 0.1% pectinase, and a 6-hour incubation period.
KEYWORDS:
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OnTumarnbHble napameTpbl
ONs M30MsALUMKM NPOTONNAaCcToB
Me3ogunna MOpPKoBHU Iin Vitro

PE3IOME

BbigeneHue NnpoTonnacToB U3 pa3nuyHbIX BUAOB pacTeHUN AIBASETCS WMPOKO UCMONb3YeMbIM
meTofoM. Llenbto aaHHON paboThl ABNAeTCA pa3paboTka apheKTUBHON CUCTEMBI BbiAeNeHuns
M OuYUCTKM npoTonnactoB Mmesodunna Daucus carota. OCHOBHble ¢haKkTOpbl, BNUSAKOWME Ha
KayeCTBEHHbIe M KONWYECTBEHHbIEe MapaMeTpbl npoueayp BbigeneHUs NpoTonnacToB, NbiTa-
NUCb ONMTMMMU3UPOBATb, UCMONb3YSl XOPOLIO 3apPeKOMEHAOBABLUYH Ce0A TEXHWUKY CIMSIHUA
NPOTONNacToB B KayecTBe OCHOBbI Al BCECTOPOHHEro aHanu3a, BKNoYas KOHLeHTpauuto
copbuta Ha cTaguu npegnnasmonusa U NPOJOMKMTENILHOCTb Npouecca hepMeHTaTUBHOW
06paboTKn. ATU KNKOYEBbIe NEPEMEHHbIE BIMAKOT HAa BbIXOA U BbDKMBAaE@MOCTb NPOTOMNNACTOB.
B paHHOM uccnegoBaHWM ANs BbiAeNeHUA NPOTONNAcTOB METOAOM (pepMeHTaTUBHOW 00pa-
60TKM Mcnonb3oBanucb NMCTbA MopkoBu copTta «Vil-1» B KayecTBe OCHOBHOFO WCXOAHOrO
matepuana. lonyyeHHble JaHHbIe MokKa3anu, YTo 6onee BbiCOKas KOHLEHTpaLus copbuTa npu-
BOOMT K YBENUYEHWUH BbIX0oA4a MPOTONNAcToB, NMPU 3TOM ONTMManbHOW KOHLEHTpauuen
ansetca 0,5 M, uto obecneunBaeT xu3HecnocobHocTb Ao 95% npotonnactoB. Kpome Toro,
yBenu4yeHne NpoAoKNTENIbHOCTN hepmeHTaTUBHON 06paboTkM ¢ 2 A0 6 YacoB MaKCMManbLHO
yBenuYMBaro Kak BbIXof NPOTONNAcToOB, Tak U MX XuU3HecnocobHocTb. Hanbonee 6naronpu-
ATHBIMK YCNOBUSIMU ANA pa3feNieHuss NpoTonNacToB ObiNu onpefeneHbl NpeaBapUTeNnbHas
obpa6oTka 0,5 M copbuTom B Te4eHMe OJHOrO Yaca B coYeTaHUU co cMecbio 1% uenntonasbl,
0,1% nekTWHa3bl 1 6-4acoBbIM NEPUOAOM UHKyGaLMK.

KNOYEBBIE CJIOBA:

Daucus carota, npotonnact, chepmeHTaTUBHas 06paboTka, npennasmonus, BbRKMBAeMOCTh;
BbIXOZ, MPOTONNacToB
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Introduction:

arrot, scientifically classified as Daucus carota, is one of

the most widely grown and economically significant root
vegetables globally. Carrots frequently serve as a prototypical
plant in biotechnological research applications, and in vitro tech-
niques have introduced novel strategies for advancing agricul-
tural development. Researchers have developed a variety of
new approaches to further elevate the commercial value of crop
species to augment productivity. Consequently, the genetic
diversity and domestication history of carrots have been widely
investigated, with studies characterizing regions of the genome
that have undergone selection during the transition from wild to
cultivated forms [1, 2].

The investigation of plant protoplasts has origins dating back
to the 1960s, when the British botanist Cocking utilized enzymat-
ic deconstruction of the cell wall to extract protoplasts from the
apical portion of tomato plants [3]. Since then, protoplast
research has undergone a period of rapid advancement. For
example, in 1970, Nagata and Takeble reported the successful
isolation, cultivation, and regeneration of plants originating from
the palisade tissue of tobacco mesophyll protoplasts [4]. In 1972,
Carlson utilized the protoplast fusion technique to generate the
initial interspecific hybrids derived from tobacco. This enabled
Carlson to obtain somatic hybrids, circumvent the incompatibili-
ty associated with sexual hybridization to a certain degree, and
uncover a novel method for producing and breeding varieties
exhibiting innovative characteristics [5] in the following decades,
protoplast isolation, culture, and plant regeneration has been
broadly examined and applied for various plant species, and
they have turned into an imperative device in plant biotechnolo-
gy and plant molecular science. Protoplasts, which lack the cell
wall and encompass the cellular contents and plasma mem-
brane, represent the fundamental living components of a plant or
bacterial cel, the cytoplasm of these cells is typically a complex,
viscous, and dense liquid that houses various organelles and
inclusions. Plant protoplasts provide an exceptional unicellular
system that facilitates diverse facets of modern biotechnology.
The lack of cellular wall of protoplasts allows for their frequent
utilization in somatic mutation techniques, cell fusion, and genet-
ic transformation to produce novel plant varieties, this necessi-
tates the procurement of substantial quantities of highly active
protoplasts [6]. However, the regeneration of intact plants from
protoplasts remains difficult and highly variable across plant
species.

Protoplast technology has witnessed remarkable advance-
ments and has garnered substantial interest within the academ-

—

Fig. 1. (a) carrot seed under the microscope after 3 days of cultivation, (b) 5-week-old seedlings,

ic and researchable community. For the techniques of somatic
hybridization, cybridization, or even direct gene transfer by pro-
toplast fusion, the establishment of a reliable and effective plant
regeneration system is necessary to facilitate plant develop-
ment, the profitable application of in vitro methods requires the
maintenance of high regeneration rates, but this can be limited
by the decline of the genetic instability, especially in callus cul-
tures [7].

In the present paper, the main factors that affect the isolation
and purification of mesophyll protoplasts from carrot were deter-
mined, which include the optimal sorbitol concentration through
preplasmolysis and incubation time in the enzymatic mixture to
explored their influence on the integrity and output of carrot pro-
toplasts. The developed system exhibits reliability, yields consis-
tent outcomes, and serves as an experimental platform for
investigations involving carrot protoplast cells, which can guide
the development of genetic programs and the production of
novel hybrids.

Materials and Methods

The in vitro plantlets of Vil-1 carrot line (originating from the
germplasm collection of the N.N. Timofeev Breeding Station)
were used as the protoplast donor. Plant material was aseptical-
ly obtained by implementing sterilization process for the seeds
after being incubated in water bath for 10 min at 50°C. The
seeds were germinated using hormone-free solid Murashige and
Skoog MS medium [8], containing 30 g/l of sucrose and 6.5 g/l
of plant-derived agar, Petri dishes were then removed to
incubation chamber at 24 + 1°C in the dark for one week, permit-
ting the seeds to germinate and develop under these regulated
parameters (Fig. 1, a). The seedlings were transferred to the
same MS medium supplemented with 0.1 mg/L pyridoxine
hydrochloride, 0.1 mg/L thiamine hydrochloride, 0.5 mg/L nico-
tinic acid, 3.0 mg/L glycine, 100 mg/L myo-inositol, 20 g/L
sucrose, and 2.5 g/L phytagel, then maintained in a temperature-
controlled environment at 24 + 1°C.

Isolation and Purification of Protoplasts:

5-week-old carrot plantlets (leaves and petioles) (Fig. 1, b)
were employed for protoplast isolation, this process was per-
formed as described by Baranski et al. [9] with few modifications.
Briefly, plant tissues were gently chopped into fine pieces, for
preplasmolysis the sample was subsequently combined with 8
ml of sorbitol solution with different concentrations (0.3, 0.5 and
1 M sorbitol 0 M as control + 0.05 M CaCl,.2H;0), replicated in
triplicate, and incubated for 1 hour in the dark at a temperature

A R e - ‘ ’
(c) and (d) the plant tissues after plas-
molysis showing the contraction of intracellular plasma as a result of losing water (Scale bar =50 um, with 40% objective)

Puc. 1. (a) cemeHa Mopkogu nod Mukpockorom nocsie 3 dHell KynbmueupoeaHusi, (b) 5-HedenbHble npopocmku, (c) u (d) pacmumenbHbie
mKaHu rocJie rnia3Mosiu3a, rnokasblearoujue CokpaujeHue 8 HympukiiemoyHol nna3mbl 8 pedysibmame nomepu eo0bl (MacwmabHasi
nuHelika =50 MKM, ¢ o6bekmueom 40x)
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of 24 + 1°C. Plasmolysis is a typical physiological response of
plant cells to hyperosmotic environmental stressors. The loss of
internal hydrostatic pressure, known as turgor, prompts the liv-
ing protoplast to retract forcefully from the cell wall (Fig. 1, c and
d). The vacuole plays a central role in facilitating this process.
Notably, plasmolysis is a reversible phenomenon that occurs in
living plant cells [10].

To investigate the optimal duration for enzymolysis, the tissue
samples were incubated at 24+1°C in the dark for 2, 4, and 6
hours (replicated three times respectively) with gentle agitation
using enzyme solution composed of 1% (w/v) cellulase Serva,
0.1% (w/v) pectinase Rohament p5, 20 mM 2-(N Morpholino)
ethanesulfonic acid (MES, Panreac), 5 mM CaCl,.2H,0, and 0.6
M mannitol the solution pH was adjusted to 5.6 and cold filter-
sterilized (0.22 pm, Millipore).

After enzymatic cell wall digestion, the solutions were filtered
through 100 ym and then 40 ym nylon mesh into new Falcon
tubes, 3 ml of 0.5 M mannitol-D solution was added too. The
resulted solution was then centrifugated at 150 RCF for 10 min-
utes, with the resulting supernatant being discarded. The sedi-
mented material at the base of the centrifuge tube comprised the
protoplasts, which were then subjected to two consecutive
washes in 2 ml of MMG solution (4 mM MES buffer at pH 5.7,
0.6 M mannitol, and 15 mM MgCl,) with centrifugation for 5 min
after each wash using the same relative centrifugal force.

Quantification of obtained protoplasts yield

The isolated protoplasts were diluted to an appropriate con-
centration and enumerated using a light microscope and a
hemacytometer to evaluate the statistical properties of the pro-
toplast yield. Each sample was assessed through no fewer than
three cell enumeration processes. The protoplast production
yield was calculated as a ratio using the following equation:
Protoplast yield (protoplasts/g FW) = Quantity of protoplasts
generated during enzymolysis /fresh weight of the material
employed in enzymolysis (g FW).

Assessment of protoplast survivability
The viability of the protoplasts was determined using the flu-
orescein diacetate FDA staining method. The protoplast viability
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was calculated as a percentage of the total protoplasts observed
as following. Protoplast viability (%) = (the observed fluorescent
protoplast count / the total number of protoplasts observed in the
microscopic field of view) x100%.

Statistical Analysis and quantitative examination

The experimental data were statistically analysed employing
Microsoft Office Excel 2021 and PAST version 2.17c. The signif-
icance of the experimental variants was evaluated using the
least significant difference LSD test at a threshold of p<0.05.

Results

The effects of sorbitol pre-treatment concentration on proto-
plasts yield and viability

In this study, sorbitol served as the sole osmotic agent.
During the pre-treatment phase, the yield of free protoplasts var-
ied significantly under different sorbitol concentrations of 0.3,
0.5, and 1 M, with 0 M as a control where pre-treatment was not
applied. The protoplast yield increased considerably as the sor-
bitol concentration rose, achieving the maximum yield of 3.41 x
1075 protoplasts per gram of fresh weight at 1 M sorbitol
concentration (P < 0.05) after 4 hours of enzymatic treatment
(Fig. 2). The viability of the protoplasts demonstrated a compa-
rable trend, yet exhibited a marked reduction when the concen-
tration surpassed 0.5 M. The vitality attained 95% at 0.5 M (P <
0.05) with a digestion time of 6 h. As the sorbitol concentration
and enzymolysis duration increased, the protoplast activity
decreased. At 0.3 M, the yield and activity of the protoplasts
were at their lowest. These results indicate that the optimal sor-
bitol concentration for pre-treatment was 0.5 M, which achieved
the highest protoplast yield and activity.

According to the results of statistical analysis (Table 1), there
is no significant difference in protoplast vitality at 0.5 M of sor-
bitol concentration followed by 4 and 6 h of digestion, or even at
0.3 M with 6 hours of digestion.

The influence of enzymolysis time on protoplast isolation
The study examined the influence of the duration of enzymat-
ic cell wall digestion (enzymolysis) on the yield and viability of
protoplasts. The protoplast production and viability were

Table 1. The influence of sorbitol pretreatment concentration and digestion time on the protoplast yield and vitality as a result of the statistical analy-
sis of PAST 2.17c¢ the least significant differences between the experimental variants LCD at a level of p<0.05
Tabnuya 1. BnusiHue KOHUeHmpauuu npedeapumesibHoli 06pabomku copbumom u epemeHu copaxueaHusi Ha 8bIX00 MPOMONIacmoe u ux
Ju3HecnocobHocmb. B pesynsmame cmamucmuyeckoz2o aHanu3a PAST 2.17¢c HauMeHbWwue 3Ha4yuMble pa3nuqusi Mexoy aKkcrnepuMeHmanbHbIMU
eapuaHmamu XK npu ypoeHe p<0,05

Prg’tgcregltr:::?nt Enzgz?;oelysis Prg:c:p{agsftrseg:‘eld of frl‘luuonr‘::éent Prvoiigﬁ:;St

concentration weight protoplasts
0.3 M 13800+1818e 9993.33+1350f 72.4612¢
0.5M 2h 35133.33+5402de 30272.33+5218ef 85.68+2bcd
1™ 38666.67+1832de 31807.33+1262ef 82.35+2bcd
0.3 M 47166.67+3226de 37703.67+2874ef 79.86+1de
0.5M 4h 76366.67+3634cd 68762.33+4314de 89.91+1ab
1M 340600+22010a 277512+13607a 81.66+2cd
0.3 M 119700+13369bc 105986+12184cd 88.48+1abc
0.5M 6h 151000+4513b 143483.67+4908¢c 95a
1M 286733.33+18751a 228593.33+13946b 79.77+1de
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Fig. 2. Depicts the influence of sorbitol concentration on the yield
and viability of carrot protoplasts (P<0.05), as assessed by the
LSD test. The values shown represent the mean * SD (n = 3)
standard deviation
Puc. 2. loka3aHo enusiHue KOHYeHmpayuu copbumorsa Ha 8bixod
U Xu3HecrnocobHocms npomonmniacmoe mopkoeu (P<0,05), kak
6b110 oyeHeHo ¢ nomowbto mecma LSD. [TpueedeHHble 3Ha4eHuUsI
npedcmaesnisitom coboli cpedHee * SD (n=3) cmaHGapmHoe
OMmkKJIOHeHuUe

assessed at 2, 4, and 6 hours of enzymolysis. A brief 2-hour
enzymolysis period resulted in the release of only a small nhum-
ber of protoplasts. As the enzymolysis time was extended, the
protoplast yields gradually increased. Notably, a 4-hour enzy-
molysis period led to a dramatic rise in protoplast output, with
viability reaching approximately 90% (Fig. 3). An enzymatic incu-
bation period of 6 hours produced the highest protoplast yield

400000 ’_‘4’“\\ 100
300000 f 80
60
200000
40
100000 -
0 0

2h 4h 6h

= Protoplast yield Protoplast vitality

Fig. 3. The influence of enzymolysis duration on protoplast yield
and protoplast vitality of carrot. (P<0.05) per the LSD test. The val-
ues presented denote the mean * SD (n=3) standard deviation
Puc. 3. BnusiHue npodomkumenbHocmu ¢oepmeHmHol o6pabom-
KU Ha 8bIX00 NMPOMOoInIacmoe U Uu3HecrnocobHocme
npomonnacmoe mopkoeu. (P<0,05) coeanacHo mecmy LSD.
lpedcmaeneHHble 3Ha4YeHUs1 o603Haqarom cpedHee * SD (n = 3)
cmaHOapmHoe OMK/IOHeHue

(3.41 x 10° protoplasts/g FW), yet this was accompanied by
decreased viability and the accumulation of enzyme solution
fragments, suggesting that a substantial number of protoplasts
had been disrupted.

Protoplasts displaying a large, spherical morphology were
observed under optimal microscopic conditions. Viable proto-
plasts demonstrated green fluorescence when examined using
fluorescence microscopy. The micrographs in Figure 4 depict
the protoplasts, they displayed a sturdy and well-delineated
spherical morphology (Fig. 4, a and b), which is indicative of
physiologically sound and viable protoplasts. Fluorescence
microscopy revealed a green fluorescent signal, which further
validated the viability and structural soundness of the protoplas-
ts (Fig. 4, c).

Discussion

The seminal work of Cocking, outlining a technique for the
isolation of plant protoplasts, was first published over six
decades ago [11]. Protoplasts, which lack cell walls and are
therefore osmotically sensitive, serve as a versatile experimen-
tal system for investigating the mechanisms underlying mem-
brane permeability and osmoregulation in plant cells [12]. High-
quality protoplasts are often essential for efficient expression
systems. While numerous investigations of isolated protoplasts
have been carried out in model plant species, fewer studies
have focused on carrot protoplasts. To achieve high-yielding,
high-quality carrot protoplasts, the researchers in this work
examined the most influential factors, with a particular focus on
the impacts of sorbitol concentration and enzymatic hydrolysis
duration. The average protoplast isolation resulted in a yield of
1.14 x 105, exhibiting a viability of up to 92%.

Protoplasts can be extracted from a variety of plant tissues,
including leaves, shoot apices, roots, coleoptiles, hypocotyls,
petioles, embryos, pollen grains, and calli. Leaves are often the
preferred source for protoplast isolation due to their diverse ori-
gin and the free arrangement of mesophyll cells [13]. However,
the presence of rigid cell walls presents a significant challenge,
as the walls must be enzymatically degraded to facilitate proto-
plast extraction [16]. Existing research indicates that the duration
of carrot culture influences the yield of protoplasts. If the culture
period is less than 1-2 weeks, the material is too immature to
effectively control the enzymatic digestion time, leading to a sub-
stantial number of dissociated fragments that can complicate
subsequent genetic transformation efforts [12]. The impact is not

Fig. 4. The Isolated carrot protoplasts. (a) using 0.5 M sorbitol and enzymolysis time for 4 h; (b) 0.5 M sorbitol and 6 h; (c) Green fluores-
cence of viable protoplasts after FDA staining
Puc. 4. U3onupoeaHHble npomonniacmsl MOPKoeu. (a) ucrosb3oeaHue 0,5 M copbuma u ¢ghepmeHmHoli obpabomku e meyeHue 4 4; (b)
0,5 M copbuma u 6 4; (c) 3eneHasi ¢hriyopecyeHyusi XU3HecrnocobHbIX npomornacmos rnocie okpawusaHusi FDA
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readily discernible, even when monitoring the concentration of
the enzyme solution. If the culture duration surpasses 5 weeks,
the enzymatic digestion time should be extended; nonetheless,
the temporal variations are attributable to inconsistencies in leaf
maturity, which may result in the rupture and disintegration of
recently isolated protoplasts, potentially compromising down-
stream experiments [12]. The research has concluded that the
optimal incubation period is between 4 and 5 weeks, with 5
weeks being the most effective duration. In order to attain the
optimal yield and quality of protoplasts within this research
study, leaf material from 5-week-old carrot plantlets was utilized.
The researchers found that the 5-week incubation period result-
ed in the most robust and productive protoplast cultures,
enabling them to obtain high yields of these essential plant cells
for further study and experimentation.

An osmotic stabilizer is required to provide osmotic support to
the protoplasts. The type and concentration of the osmotic agent
impacts the plasmolysis process during protoplast isolation,
which aids in preserving the turgor pressure of the resulting pro-
toplasts [14] Hyperosmotic stress leads to the rapid efflux of
water from the cell, causing the protoplast to detach from the cell
wall. Since no protoplast could be separated without plasmoly-
sis, as demonstrated in the control sample, the osmolarity of the
isolation solution had a significant impact on the protoplast yield
and this could be achieved using sorbitol or mannitol. Thus, the
leaves of Daucus carota were immersed in a sorbitol solution for
one hour prior to protoplast isolation. The results demonstrated
that the stability and metabolic activity of the protoplasts were
substantially enhanced following this pretreatment with 0.5 M
sorbitol.

e References / Jlutepatypa

1. Que F., Hou X.L., Wang G.L., Xu Z.S., Tan G.F., Li T., Wang Y.H.,
Khadr A., Xiong A.S. Advances in research on the carrot, an important
root vegetable in the Apiaceae family. Horticulture Research.
2019;(6):1-15. https://doi.org/10.1038/s41438-019-0150-6

2. lorizzo M., Senalik D.A., Ellison S.L., Grzebelus D., Cavagnaro P.F.,
Allender C., Simon P.W. Genetic structure and domestication of carrot
(Daucus carota subsp. sativus) (Apiaceae). American Journal of
Botany. 2013;(5):930-938. https://doi.org/10.3732/ajb.1300055

3. Cocking E.C. A Method for the Isolation of Plant Protoplasts and
Vacuoles. Nature. 1960;(87):962-963.
https://doi.org/10.1038/187962a0

4. Nagata T., Takebe I. Cell Wall Regeneration and Cell Division in
Isolated Tobacco Mesophyll Protoplasts. Planta. 1970;(4):301-308.
https://doi.org/10.1007/BF00385097

5. Liu J.H., Deng X.X. Plant Protoplast Asymmetric Fusion and lts
Application in Breeding. Life Sciences. 1999;(14):88-91.
https://doi.org/10.4236/0japps.2024.143048

6. Davey M.R., Anthony P., Power J.B. Plant Protoplasts: Status and
Biotech nological Perspectives. Biotechnology  Advances.
2005;(23):131-171. https://doi.org/10.1016/j.biotechadv.2004.09.008

7. Tee C.S,, Lee P.S., Kiong A.L.P, Mahmood M. Optimisation of pro-
toplast isolation protocols using in vitro leaves of Dendrobium crumena-
tum (pigeon orchid). Agricultural research. 2010;(5):2685-2693.
https://doi.org/10.5897/AJAR.9000516.

8. Murashige T., Skoog F. A revised medium for rapid growth and
bioassays with tobacco tissue culture. Plant Physiology. 1962;(2):473-
497. https://doi.org/10.1111/j.1399-3054.1962.tb08052.x

About the Authors:

Naseem Aljaramany — PhD student,
https://orcid.org/0009-0000-0407-3459, naseemjihadja@gmail.com
Sokrat G. Monakhos - Head of the Department of Botany,
Breeding and Seed Production,
https://orcid.org/0000-0001-9404-8862,

SPIN-koa: 7130-9663, s.monakhos@rgau-msha.ru

BREEDING, SEED PRODUCTION AND PLANT BIOTECHNOLOGY

Another critical aspect influencing protoplast isolation is the
temporal extent of enzymolysis. Prolonged exposure to the
enzyme solution may impair the protoplast's plasma membrane,
compromising its structural integrity and energy levels, potential-
ly culminating in cell rupture. Conversely, inadequate enzymatic
treatment duration will hinder the protoplast from attaining an
optimal separation outcome [15]. Extending the enzymatic
hydrolysis duration led to the rupturing of the plasma membrane,
resulting in a decline in protoplast yield and viability when the
enzymolysis time passed 6 hours. As the enzymolysis process
continued, the number of cellular debris increased, and the over-
all viability decreased. Therefore, the optimal enzymolysis time
appears to be 6 hours.

The current research only covers the primary elements that
impact protoplast separation. The enzymatic conditions, including
the pH of the digestion medium, the purity of the enzymes used,
the temperature, and the growth parameters of the plant material,
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