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ABSTRACT

Genome editing technologies like CRISPR/Cas9 have revolutionized crop improvement; however, they remain
challenging and genotype-dependent. Guide RNAs (gRNAs) are essential for genome editing but often struggle to
efficiently cleave target loci due to complex chromatin structures and a lack of tools to predict target site accessibility.
This leads to wasted time and resources on ineffective editing experiments, as in vitro assays do not account for the
native genomic context. Protoplasts are valuable in plant genome editing research because they provide a rapid and
efficient way to test various parameters and reagents, enabling scientists to optimize their editing strategies more quickly
than through the time-consuming process of testing directly on whole plants, which often requires multiple growth cycles
to observe genetic modifications. Rice, due to its economic significance and compact genome, serves as an ideal model
for such studies. Despite ongoing efforts to optimize protocols for protoplast isolation and transfection in rice, achieving
stable and high-yield protoplasts remains a challenge. This study presents a detailed protocol for rice protoplast isolation,
empbhasizing critical procedural steps. As a result, this study achieved a yield of approximately 1 x 10® protoplasts from
120 seedlings (5 x 107 protoplasts/mL) of the japonica rice cultivar Nipponbare, representing the highest protoplast yield
reported to date. Additionally, PEG-mediated transfection efficiency reached 65% using the 35S: GFP construct.
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INTRODUCTION al., 2016). The advent of new genome editing techniques,

such as base editors (Ricroch, 2024; Nishida ez al., 2016)

The rapid development of genome editing and prime editors (Anzalone et al, 2019; Wang et al.,
technologies has revolutionized research on the plant ~ 2021), has increased the number of reagents that need
genome, enabling scientists to accelerate  crop testing. Due to the time-consuming nature of stable
improvement and breeding (Gao, 2021). Precise site- transfection  for testing genome-editing  reagents,
specific modifications, such as substitutions, insertions, ~ Protoplast cells offer a rapid and practical platform for
and deletions can enhance crops by introducing desirable ~ €valuating genome-editing reagents (Jiang et al., 2013).
agronomic traits (Puchta, 2005). Among the various Protoplasts are totipotent and can regenerate into whole

genome editing tools, the CRISPR/Cas system is the most plants (Zhang ez al., 2011). Their ability to facilitate the
widely used for its precision, efficiency, versatility, and casy dehyery of forelgp DNA. makes therp highly
case of use (Ma ef al., 2016). The CRISPR/Cas9 tool has valuable in genome editing studies for transient gene

been extensively applied for trait improvement, method expression and functlc?nal analysis (Davey et f’l-» 2005;
development, proof of principle, and gene functional Akkale, 2025). Transient protoplast transfection is an
analysis in various plants (Ricroch et al., 2024). efficient and cost-effective system for validating genome

One of the key obstacles in plant genome editing editing reagents, as well as for understanding protein
is the reliance on tissue culture, which is both time- interactions, localization, and gene function (Chen ef al.,
intensive and expensive (Maher et al, 2020). Tissue 2006; Zhang et al, 2011)~ In some plant Species,
culture and regeneration techniques are crucial for pro.toplasts can regenerate 1nto whole plants carrying
achieving heritable gene modifications, as they are heritable targeted mutations (Woo ez al, 2015).
necessary after delivering CRISPR reagents into Protoplasts have been‘ used to evaluate.genome editing
reproductive cells. Multiple factors influence the reagents across various plant species (Reed and

efficiency of CRISPR/Cas9 genome editing, including Bargmann, 2021). A variety of protoplast isolation and
gRNA design, target DNA, Cas9, and the promoters transfection protocols have been developed for both dicot
driving Cas9 and sgRNAs (Cermak ef al, 2017; Ma er ~ and monocot species, including Arabidopsis (Yoo et al.,
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2007), tobacco (Lei et al, 2015), tomato (Liu et al.,
2022), maize (Hu et al., 2020), and wheat (Shan et al.,
2014). While Arabidopsis and tobacco protoplasts are
widely used due to their ease of isolation and
transformation, monocot species such as rice and maize
often require more specialized procedures due to
differences in cell wall composition and regeneration
capacity (Xu et al, 2022). These -cross-species
comparisons underscore the need for crop-specific
optimization of protoplast protocols, particularly for
genome editing applications.

Rice (Oryza sativa L.) is a key staple crop that
feeds over half of the world's population (Kaya et al,
2014; McCouch et al, 2016). Beyond its economic
significance, rice is a well-studied model for
monocotyledonous plants, particularly in genome editing,
due to its known and relatively small genome size (Endo
and Toki, 2020; Mishra et al., 2018). Over the past few
decades, protoplast isolation techniques in rice have
evolved considerably, with varying efficiencies
influenced by cultivar, tissue type, enzyme composition,
and handling procedures. Early efforts utilized cell
suspension cultures, which, although vyielding high
viability, are labor-intensive and less accessible for many
laboratories (Li and Murai, 1990; Utomo et al, 1995).
Subsequent protocols focused on etiolated seedlings due
to their rapid growth and accessibility, leading to
simplified workflows and improved transfection
efficiencies (Chen et al., 2006; He et al., 2016; Shan et
al., 2014). More recently, the use of callus-derived
protoplasts has gained attention for genome editing
applications, particularly CRISPR-based approaches, due
to their relatively high transformation efficiency (Poddar
et al., 2020). Comparative studies have highlighted that
parameters such as enzyme concentrations (cellulase and
macerozyme), osmotic stabilizers (mannitol
concentrations), digestion duration, and tissue pre-
treatment methods substantially impact protoplast yield
and viability (Zhang et al., 2011; Yoo et al., 2007; Lin et
al., 2018). Despite these advances, there is still no
consensus on a universally optimal protocol, and slight
procedural modifications can lead to significant
variability in outcomes. These gaps underscore the
importance of systematically optimizing and reporting
protoplast isolation parameters, particularly for
laboratories aiming to adopt protoplast-based assays with
limited resources. Various established protocols for rice
protoplast isolation and transfection utilize plant tissues
such as cell suspension cultures, seedlings, and callus (Li
and Murai, 1990; Chen et al., 2006; Poddar et al., 2020).
A summary of these protocols is presented in Table 1,
highlighting how differences in enzymatic digestion,
osmotic stabilizers, and pre-treatment steps affect yield
and viability. This study provides a streamlined and
reproducible protocol for rice protoplast isolation and
transfection to enhance accessibility and consistency.

MATERIALS AND METHODS
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Plant materials: Seeds of Oryza sativa L. japonica cv.
Nipponbare were kindly supplied by Prof. Dr. Adam
Bogdanove from Cornell University.

Seed surface sterilization and germination: Rice
(Oryza sativa L.) cultivar Nipponbare seeds (60 seeds per
growth jar) were dehulled and surface sterilized using
70% ethyl alcohol for 5 minutes, followed by a 30-minute
treatment with 15% freshly prepared commercial bleach.
The seeds were then washed five times with sterile ultra-
pure water. The sterile seeds were sown in 10 cm
diameter glass jars containing 2 MS media (Murashige
and Skoog, Phyto Technology Laboratories, USA) with
3% sucrose (Merck, S0389) and 0.7% agar (Merck,
A7921). The jars were placed in a growth chamber with a
photoperiod of 12 hours of light at 30°C and 12 hours of
darkness at 26°C for 14 days. All experiments were
conducted in 2019 at Cornell University, Plant Pathology
and Plant Microbe Biology Department, Bogdanove Lab,
Ithaca, NY, USA.

Protoplast isolation:  Protoplast isolation and
purification were optimized by adjusting the key
conditions based on previously reported methods (Zhang
et al., 2011; Shan et al., 2014). A stepwise optimization
of the protocol is detailed below. All steps, except for
incubation and centrifugation, were performed under
sterile conditions in a laminar flow hood.

Rice seedling stem tissue was cut in the direction
of growth into approximately 0.5-1 mm strips using
sterile razor blades, then immediately placed into the
enzyme solution (approximately 60 stems in 10 mL of
enzyme solution). The pre-incubation step in 0.6 M
mannitol for 10 minutes in the dark was omitted, as noted
by Shan et al., (2014) and Zhang et al., (2011). The strips
in enzyme solution were vacuum infiltrated for 30
minutes at 400-500 mmHg in the dark, turning the
vacuum on and off every ten minutes. While Zhang et al.,
(2011) omitted vacuum infiltration, Shan et al., (2014)
applied a constant vacuum (~380-508 mmHg) for 30 min
without interruption. After releasing the vacuum, the
strips were incubated with enzyme solution in the dark
for 8 hours with gentle shaking (100 rpm) at room
temperature, in contrast to the shorter 4-6 hour incubation
used by Shan et al., (2014) and Zhang et al., (2011).

Following enzymatic digestion, an equal volume
of W5 wash buffer (10 mL) was added to the strips,
which were vigorously shaken by hand for 1 minute to
halt digestion. The mixture was filtered through a 40 um
nylon mesh into 50-mL centrifuge tubes to remove cell
debris. Retained strips were washed 3-5 times with
additional W5 buffer in a petri dish, and debris was
gently squeezed using a sterile pipette tip or forceps to
release protoplasts. It is critical to homogenize the strips
in the buffer using a sterile pipette tip or forceps.
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Table 1. Comparison of protoplast isolation methods in rice.
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Cultivar Source material Pre-plasmolysis Enzyme concentration Enzyme Yield Viability Ref.
before digestion (w/v) treatment
Nipponbare, Callus-derived No pre-plasmolysis 4% cellulase RS, 3h 8 x10° protoplasts /g fresh Unspecified Li and
Taipei 309 suspensions 1% macerozyme R-10 weight Murai,
1990
Mercury, Callus-derived No pre-plasmolysis 1% pectinase, 4% cellulose 3 h 5.3x10%g fresh weight? Unspecified Utomo et
Lacassine, suspensions. al., 1995
Maybelle, Cypress,
and Lemont
Taipei 309 Stems and sheaths No pre-plasmolysis  1.5% cellulase R-10, 4h 10-16 x 10° protoplasts from 90% Chen et al,
0.3% macerozyme R-10 105 seedlings 2006
Taipei 309 Leaves No pre-plasmolysis  1.5% cellulase R-10, 12h 3.4 x 10° protoplasts from 105 Unspecified Chen et al,
0.3% macerozyme R-10 seedlings 2006
Nipponbare Stems and Sheaths Plasmolysis ~ with  1.5% cellulase RS, 4-5h 1x107 protoplasts from 40-60 95% Zhang et
0.6 M mannitol for 0.75% Macerozyme R-10 seedlings al., 2011
10 min in the dark
Nipponbare Stems and sheaths Plasmolysis ~ with  1.5% cellulase R10, 5-6h 1x107 protoplasts from 100-120  Unspecified Shan et al.,
0.6 M 0.75% macerozyme R10 seedlings 2014
mannitol for 10 min
in the dark
Unspecified Stems and sheaths No pre-plasmolysis  1.5% cellulase, 4h 1.5-2.5x10% protoplasts from Unspecified He et al,
0.3% macerozyme ~100 seedlings 2006
Unspecitied Stems and sheaths No pre-plasmolysis  1.5% cellulase R10, 3h 4.8 x 105 protoplasts/g fresh Unspecified Lin et al
0.75 macerozyme R10 weight 2018
Nipponbare Stems and sheaths Plasmolysis ~ with 1.5% w/v cellulase RS, 4h Unspecitied Unspecified Page et al,
0.6 M mannitol for 0.75% macerozyme R10 2019
15 min in the dark
Nipponbare Callus No pre-plasmolysis  1.5% cellulase R-10, 3h 9.8x10° protoplasts from 5 g of - Poddar et
0.1% pectolyase or 0.75% rice callus® al., 2020
macerozyme R-10
Unspecified Stems and sheaths No pre-plasmolysis ~ 1.20%  cellulase R-10, Unspecifi ~ 4.31x107 protoplasts/g  fresh ~90% Ren et al,
0.60% macerozyme R-10 ed weight 2021
Unspecified Leaves No pre-plasmolysis ~ Unspecified Unspecifi ~ No viable protoplasts - Ren et al,
ed 2021
Indica and Stem Plasmolysis ~ with 1.5%  Cellulase = R10, 5h 2-5x107 protoplasts from ~80 91% Panda et
Japonica 0.6 M mannitol 10  0.75% Macerozyme R10 seedlings® al., 2024

min in the dark

*Highest yield reported for cultivar Mercury; "Highest yield reported for all plants used in the study; °Yield reflects only live protoplasts.

1283



Kaya

Protoplasts were harvested by centrifugation at
100 x g for 5 min at room temperature using a swinging
bucket rotor. The supernatant was carefully decanted into
a sterile flask rather than pipetted. The decanted
supernatant was centrifuged again to collect protoplasts at
100 x g for 5 minutes at room temperature. Protoplast
pellets were resuspended in 1 mL of MMG buffer, and
the resuspended protoplasts were combined into one tube.
All solution compositions are given in Table 2. Each
experiment was performed with three independent
replicates, and protoplast yield data are presented as
mean values.

Table 2. Composition of buffers used in protoplast
isolation and transfection.

Buffer Composition

1.5% Cellulase R10 (wt/vol) (Yakult Pharma.
Ind. Ltd., Japan)

0.75 Macerozyme R10 (wt/vol) (Yakult
Pharma. Ind. Ltd., Japan)
0.6 M Mannitol

10 mM CaClz

10 mM MES (pH=5.7)
10% BSA (wt/vol)

154 mM NacCl

123 mM CaClz

5 mM KCl

5 mM Glucose

2 mM MES (pH=5.7)
0.4 M Mannitol

100 mM CaClz

15 mM MgClz

4 mM MES (pH=5.7)
40% PEG 4000 (wt/vol)
0.4 M Mannitol

100 mM CaClz

15 mM MgCl2

4 mM MES (pH=5.7)

Extraction
Buffer

W5 Buffer

MMG Buffer

PEG Buffer

To enhance clarity and comprehensiveness, a
detailed flow diagram is included in Fig. 1, providing a
step-by-step overview of the experimental procedures,
and facilitating a better understanding of the processes
described.  Protoplasts were counted wusing a
hemocytometer under microscopy.

Protoplast viability: The viability of protoplasts was
evaluated through fluorescein diacetate staining (FDA)
(Gupta and Don Durzan, 1986). FDA prepared in DMSO
at a concentration of 5 mg/mL, was added to the
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protoplast solution to reach a final concentration of
0.05%, followed by a 2-minute incubation in the dark.
Viable cells emitted a green fluorescence after staining,
while dead cells and cellular debris appeared dark,
enabling the visualization and assessment of protoplast
viability using a fluorescence microscope (DM2000
LED, Leica, Germany). The viability percentage is
determined by dividing the number of fluorescent
protoplasts by the total number of protoplasts.

Preparation of plasmid DNA: E. coli strain transformed
with pMOD C3001 plasmid (which contains a 35S
promoter driving the GFP gene, followed by a pea rbcsE9
terminator) (Cermak et al, 2017) was cultured in LB
(Luria—Bertani) medium. The culture was grown
overnight in a 1 L baffled flask at 37°C, shaken
vigorously at approximately 300 rpm. Plasmid DNA was
extracted from E. coli using the HiSpeed Plasmid Maxi
Plasmid Purification Kit (Qiagen Sciences, USA)
following the manufacturer's guidelines.

Protoplast transfection using PEG-mediated method:
Protoplasts were transfected as described by Shan et al.,
(2014) based on the modifications described below.
Approximately 1 x 10° protoplasts (instead of 5 x 10°
protoplasts) in MMG were mixed with 15 pg of plasmid
DNA at room temperature. An equal volume of freshly
prepared PEG buffer (Table 1, PEG4000 (Sigma-Aldrich,
cat. no. 95904)) was added and mixed gently. After 20
minutes of incubation at room temperature in the dark,
900 puL of W5 Buffer was added to stop the reaction, and
the mixture was centrifuged at 100 x g for 5 min at the
swinging bucket rotor. The protoplasts were then gently
resuspended in 1 mL of MMG buffer (instead of WI),
transferred to the 6-well plate, and incubated in the dark
at room temperature for 24-48 hours. An empty vector
was used to transfect protoplasts as a negative control.
Protoplast transfection were conducted with three
independent replicates.

Confocal imaging and fluorescence microscopy:
Protoplasts were pelleted by centrifugation at 100 x g for
2 min, and a small drop of the protoplast suspension was
then placed on a hemacytometer. A coverslip was
carefully positioned on the sample with gentle pressure.
Protoplasts were observed with a digital camera under a
fluorescence microscope (DM2000 LED, Leica,
Germany). Transfection efficiency was calculated by
dividing the number of green-fluorescent protoplasts by
the total number of protoplasts
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Grow seedlings with a photoperiod of
12 h light at 30°C and 12 h dark at
26°C for 14 days.

|

Cut stems into about 0.5-1 mm strips
using sterile razor blades.
Add immediately extraction buffer.

!

Vacuum infiltrate for 30 min at 400-500
mmHg in the dark.

{

Incubate with extraction buffer in the
dark for 7-8 h with gentle shaking
(100 rpm).

{

Add W5 bufter strips and shake
vigorously for 1 min by hand to stop
digestion.

!

Filter mixture through 40 pm nylon mesh
and wash strips 3-5 times with an
additional W5 buffer.

l

Centrifuge at 150 x g for 5 min at room
temperature with a swinging bucket.

4

Decant supernatant by careful pouring
in a sterile flask.

}

Resuspend protoplast pellet in 1 ml of
MMG buffer and count the protoplasts
by microscopy.
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CRITICAL'!
Adding the extraction buffer
immediately is important for

viability.

CRITICAL!
Turning the vacuum on and off
every 10 minutes is crucial for
high protoplast yield.

CRITICAL'!
Squeezing the strips gently

= using sterile pipette tip or
*  am forceps is essential for a high

= rotoplast yield.
=2 r/ p p y

A

CRITICAL'!
Centrifuging the decanted
supernatant one more time is
necessary for a high
protoplast yield.

Fig. 1. Schematic overview of the protoplast isolation protocol.

RESULTS AND DISCUSSION

A high-efficiency protoplast isolation method from
rice seedlings:This study provides evidence that small
nuances and meticulous implementation of the protocol
can enhance protoplast yield. While many existing
protocols for rice are available (Table 1), this study
achieved a yield of approximately 1 x 10% protoplasts
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from 120 seedlings (5 x 107 protoplasts/mL MMG),
representing the highest protoplast yield reported to date.
Selection of the proper source of plant material
is critical for isolating high-yield protoplast from plants.
Germinated seedlings, suspension cultures, and calli have
been used as source materials for rice protoplast isolation
(Thompson et al., 1986; Shan et al., 2014; Poddar et al.,
2020). In particular, for monocotyledonous plants such as
wheat (Jia et al., 2016) and rice (He et al., 2016), the
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mid-region of young seedlings is considered the optimal
choice for protoplast isolation. In this study, young stem
tissues from fourteen-day-old, germinated seedlings were
selected as the source for rice protoplast isolation (Fig.
2). Stem tissue from older seedlings (over two weeks)
was also used for protoplast isolation; however, lower
protoplast yields were obtained using this older tissue
source (data not shown). Similarly, Zhang et al., (2011)
used young stem rice tissues grown at 26°C under a 12-
hour light cycle followed by 12 hours of darkness for
protoplast isolation, but their efficiency (1.0 x 107) was
relatively lower compared to this study.

J. Anim. Plant Sci., 35 (5) 2025

Panda et al. (2024) used etiolated tissue from
rice seedlings, achieving protoplast yields averaging
between 2 x 107/mL and 5 x 107/mL across all plant
species in their study, including rice, Arabidopsis and
chickpea. They reported that etiolated tissue of rice
increases the yield of viable protoplasts due to its
tenderness and reduced lignification, which facilitate
more efficient enzymatic digestion during the isolation
process. However, their study did not include a direct
comparison between etiolated and green rice seedlings.

Fig. 2. Preparation of seedlings for protoplast isolation. A) Nipponbare seeds were sown in 10 cm diameter glass jars
containing 2 MS media, B) Healthy rice seedlings, 14 days old, were used for protoplast isolation, C)
Blue rectangular shows the stem of seedlings used for protoplast isolation.

The success of the isolation process also
depends on the composition of the extraction buffer. In
this study, the successful breakdown of rice stem tissue
walls was achieved using an extraction buffer of 1.5%
cellulase R10 and 0.75% macerozyme R10. Previous
reports also used the same enzyme concentrations in rice
protoplast isolation; however, they obtained lower yields
compared to this study (Page et al., 2019; Shan et al,
2014). Shan et al., (2014) obtained 1 x 107 protoplasts
from 100-120 seedlings, while Chen et al, (2006)
reported an average yield of 10-16 x 10° protoplasts from
approximately 105 rice seedlings.

To enhance the quantity of viable protoplasts
obtained from tissue, pre-treatment can be employed.
This involves improving the accessibility of enzymes
used to break down the plant cell wall through physical
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tissue disruption (such as slicing leaf tissue), vacuum
infiltration of extraction buffer, or pre-plasmolysis
treatment (Reed and Bargmann, 2021).

The cut direction of strips affects the protoplast
yield, and cross-section cutting resulted in high protoplast
yield in rice (Shan et al., 2014; Zhang et al., 2011). Lin et
al. (Lin et al., 2018) used longitudinal cuts instead of
latitudinal strips and reported a yield of 4.8 x 10°
protoplasts per gram of fresh weight. However, since
their results were reported based on tissue weight, while
other studies including ours report yield based on the
number of seedlings, direct comparison is challenging. In
this study, we cut the rice seedlings into cross-section
pieces, as this method has been associated with higher
protoplast yields in previous reports. Vacuum is often
used during protoplast isolation to facilitate the release of
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protoplasts from plant cells. The vacuum infiltration
helps to increase the efficiency of enzyme penetration
into plant tissue during enzymatic treatment, resulting in
better digestion of the cell walls and higher protoplast
yield. Previous protoplast isolation protocols from rice
also highlighted the importance of vacuum infiltration
during enzymatic treatment for higher protoplast yields
(Chen et al, 2006; Shan et al, 2014). In this study,
vacuum infiltration was implemented for 30 min with two
abrupt breaks. There have also been studies in various
plants of utilizing vacuum infiltration of plant tissue with
the extraction buffer can enhance the protoplast yield
(Nanjareddy et al., 2016; Osakabe et al, 2018). To
initiate plasmolysis, Page et al., (2019) placed cuttings
directly into mannitol solution as a pre-treatment.

J. Anim. Plant Sci., 35 (5) 2025

Similarly, Shan et al. (2014) added 0.6 M mannitol to the
rice strips and incubated them in the dark for 10 minutes
to induce rapid plasmolysis. However, we obtained high
yields of protoplasts without this treatment. Incubation
with mannitol before enzymatic digestion was also
implemented in our study, but it did not increase the yield
of the protoplast (data not shown).

In this study, isolated protoplasts were subjected
to FDA staining, revealing that the viability rates were
consistently high, with an average of 90% (Fig. 3). This
result indicates that the isolation protocol effectively
maintained cell integrity and metabolic activity, which
are crucial for subsequent applications such as

transfection and regeneration. Similar viability results
were reported in other studies (Table 1).

Fig. 3. Assessment of protoplast viability in rice isolated via FDA staining.

Efficient transfection of GFP inserted constructs into
rice protoplasts: Rice protoplast transfection techniques
have been extensively studied over the past decade to
establish an efficient and reliable system (Zhang et al.,
2011; Shan et al., 2014; Page et al, 2019). The PEG-
mediated transfection method is the most used approach
for rice protoplast transfection (Chen et al, 2006).
Protoplasts are used in several biotechnological
applications that are directly impacted by both the
quantity and quality of protoplasts (Poddar et al., 2020).
One key application is establishment of a transient
expression system, which is useful for high-throughput
functional gene characterization. Achieving an efficient
transient expression system requires high-quality and
freshly isolated protoplasts (Yoo et al., 2007). Freshly
isolated protoplasts maintain their cellular individuality
and exhibit high transfection efficiency, making them a
valuable system for investigating gene functions and
analyzing gene regulatory networks (Yoo et al., 2007;
Reed and Bargman, 2021). However, protoplast viability
decreases over time. This study employed a PEG-
mediated transfection protocol to assess the competency
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of freshly prepared protoplasts. Protoplasts were
transiently transfected with plasmid DNA, including GFP
as a visual marker. Transfection efficiency was measured
two days post-transfection by counting GFP-fluorescing
cells (Fig. 4). Transfection efficiencies ranged from 45-
60%, with a mean efficiency 52%, using the 35S: GFP
construct across three replicates, while Shan et al., (2014)
reported an efficiency of 80% using the same PEG-
mediated transfection protocol. The primary differences
between the studies were the number of protoplasts and
the incubation buffer used after transfection: this study
used 1 x 10° protoplasts (compared to 5 x 10° protoplasts
used by Shan ef al., (2014) and employed MMG as the
incubation buffer, while Shan et al, (2014) used WI
buffer. Different plasmids were also used in these studies.
These differences could contribute to the varying
transfection efficiencies. Increasing protoplast numbers
does not necessarily enhance transfection efficiencies; in
fact, depending on DNA and protoplast quality, higher
cell numbers can sometimes yield lower transfection rates
(Yoo et al., 2007).
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It is also known that plasmid size has a great
impact on transfection efficiencies. Zhang et al. (2011)
achieved a maximum transfection efficiency of 75% with
a 4.5 kb plasmid, while larger plasmids (13 kb) yielded
efficiencies of 45-66% when using 2 x 103 protoplasts.
Similarly, maximum transfection efficiency (>80%) was
recorded with smaller plasmid (10 kb), whereas larger

A

GFP
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plasmid (15 kb) obtained approximately 65% efficiency

(Panda et al. 2024). Several factors influencing
transfection efficiency, such as PEG concentration,
transfection duration, protoplast density, and DNA

concentration, have been examined in previous studies,
and optimal conditions were reported for rice (Ren et al.,
2021; Panda et al., 2024).

Merge

Fig. 4. A confocal image showing the rice protoplast after PEG-mediated transfection. A) Protoplasts transfected
with an empty vector, B) Protoplasts transfected using the 35S: GFP construct. BF: Confocal brightfield
channel; GFP: Green fluorescent protein channel; Merge: Merge of BF and GFP channels.

Although protoplast isolation efficiency can vary
significantly among rice genotypes, the protocol
described in this study provides a robust and reproducible
framework optimized for Oryza sativa cv. Nipponbare.
This method may serve as a starting point for adapting
protoplast-based systems in other rice cultivars through
genotype-specific adaptations. The high yield and
viability achieved here make this protocol especially
suitable for rapid, cost-effective evaluation of genome
editing reagents, prior to investing in labor-intensive and
time-consuming stable transformation approaches. Such
applications are particularly valuable in functional
genomics studies and early-stage breeding programs,
where the ability to validate gene candidates or guide
RNAs efficiently is critical. While further optimization
may be required for use in other monocots, the core
principles of this protocol, tissue selection, enzymatic
digestion conditions, and handling steps, offer a practical
foundation for developing similar approaches in other
cereal crops. This expands the potential utility of the
method across a broader spectrum of genome editing
applications in plants.
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Conclusions: As a valuable tool, plant protoplasts offer a
promising alternative for rapidly assessing genome-
editing reagents. With its economic importance and
manageable genome size, rice remains a preferred model
for studying genome editing. This study provided a
comprehensive protocol for rice protoplast isolation,
resulting in high yield and efficient transfection. Overall,
these findings support ongoing efforts to enhance genetic
manipulation in plants and accelerate agricultural
advancements.
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