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protoplast regeneration and
transfection protocol for
enhancing CRISPR genome
editing of Brassica carinata
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and Li-Hua Zhu*

Department of Plant Breeding, Swedish University of Agricultural Sciences, Lomma, Sweden

Brassica carinata is an important oil crop with signi cant potential for food and
industrial production. The application of the CRISPR/Cas9 genome editing tool in
B. carinata could accelerate its breeding cycle. However, no ef cient DNA-free
gene editing method currently exists for this species. Protoplast-based CRISPR
editing presents a promising solution, though it is often challenging for many
crop species. In this study, we investigated several critical factors in uencing in
vitro shoot regeneration, including genotype, sugar type, selection and
combination of plant growth regulators (PGRs), and culture duration on
different media throughout various stages of protoplast development. As a
result, we developed a highly ef cient, ve-stage protoplast regeneration
protocol for B. carinata based on speci c stages of protoplast development.
Key ndings of this study include the requirement for high concentrations of NAA
and 2,4-D in the initial medium (MI) for cell wall formation, while a lower auxin
concentration relative to cytokinin was necessary for active cell division (Mll). For
callus growth and shoot induction, a high cytokinin-to-auxin ratio was essential
(MIIN), and an even higher cytokinin-to-auxin ratio was optimal for shoot
regeneration (MIV). For shoot elongation, low levels of BAP and GAs were
suf cient (MV). Our results also demonstrated that the duration of culture on
different media and maintaining appropriate osmotic pressure at the early stages
were crucial for successful protoplast regeneration. With this optimized protocol,
we achieved an average regeneration frequency of up to 64% and a transfection
ef ciency of 40% using the GFP marker gene. This ef cient protoplast
regeneration protocol is now being employed for genome editing in our lab
and is expected to signi cantly enhance the application of the CRISPR system in
both basic research and the genetic improvement of B. carinata over the
long term.

Brassica carinata, protoplast regeneration, transfection, oilseed and industrial crop,
genome editing
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1 Introduction

Brassica carinata, commonly known as Ethiopian mustard or
locally as gomenzer, is an amphidiploid species (BBCC, 2n = 34)
resulting from interspeci ¢ hybridization between B. nigra L. (BB,
2n = 16) and B. oleracea L. (CC, 2n = 18). B. carinata is genetically
diverse and well-adapted to the highland areas of Ethiopia, where it
is grown for its edible leaves and seeds, which are used for oil
production. This crop is known for its exceptional heat and drought
tolerance, resistance to blackleg disease, and resilience against pests
like aphids and ea beetles, making it suitable for areas where
other crops struggle to thrive (Taylor et al., 2010). Additionally, B.
carinata has gained attention as a potential bioindustrial feedstock
(Roslinsky et al., 2021).

Despite many B. carinata genotypes showing good agronomic
potential, some key traits such as seed oil quality, still do not meet
the requirements for commercial production. One such signi cant
limitation is the high erucic acid content in the seed oil, which
reduces its suitability for food applications. Compared to crops like
rapeseed, B. carinata is found to be a neglected oil crop and has
undergone less intensive breeding. The application of modern
breeding technologies could expedite the improvement of elite
cultivars or breeding lines by addressing speci ¢ limitations and
making ef cient use of its valuable natural genetic resources.

Genome editing using the CRISPR/Cas9 system has become
increasingly popular in plant research and crop breeding (Shan
et al., 2013). Most CRISPR editing in plants has been performed
using tissue culture-based methods, where DNA-based or RNA-
based CRISPR complexes are delivered into plant cells. DNA-based
CRISPR delivery methods, such as Agrobacterium-mediated
transformation or particle bombardment (Arora and Narula, 2017),
often result in stable integration of CRISPR vectors, leading to
transgenic plants. However, the integration of CRISPR complexes
into the plant genome raises concerns about ongoing vector
expression, increased risk of off-target mutations, and regulatory
hurdles in countries with strict GMO policies (\Woo et al,, 2015).

PEG-mediated protoplast transient expression has emerged as a
promising method for delivering CRISPR complexes into plant
protoplasts. This approach allows gene editing without the
integration of foreign DNA, producing desirable mutants through
transient expression (Armstrong et al., 1990; Kim et al., 2017; Jiang
etal, 2013; Liang et al., 2017; Woo et al., 2015). Although the PEG-
protoplast method has been successful in species such as
Arabidopsis (Li et al., 2013), tobacco (Gao et al., 2015), rice (Feng
et al., 2013), maize (Liang et al., 2014), wheat (Zhang et al., 2016),
potato (Andersson et al., 2018; Tiwari et al., 2022), rapeseed (Li
etal.,, 2021; Moss et al., 2025), and eld cress (Sandgrind et al., 2021,
2023), it remains challenging for many crops, and protoplast
regeneration systems are still underdeveloped for species like
B. carinata.

Protoplast research in Brassica species began in the early 1980s,
but much of the initial work focused on protoplast isolation, culture,
and fusion rather than regeneration. Limited research has been
conducted on B. carinata protoplast regeneration. Early studies
reported low shoot regeneration frequencies from cotyledon
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protoplasts (Jaiswal et al., 1990) and slightly better results from
hypocotyl protoplasts (Chuong et al., 1987; Narasimhulu et al.,
1992). However, the use of hypocotyls requires a large amount of
plant material, making the method impractical for broader
application. In contrast, leaf tissues are easier to work with and
provide higher protoplast yields in species like rapeseed (Li et al.,
2021; Moss et al., 2025), making them more suitable for protoplast
isolation. Yet, there remains a lack of comprehensive studies on
protoplast regeneration in B. carinata, which has been a barrier to
effective CRISPR/Cas9 application for genome editing in
this species.

In our study, we systematically examined the major factors
in uencing protoplast regeneration and transfection in B. carinata.
We successfully developed an ef cient protoplast regeneration and
transfection protocol, which will signi cantly facilitate both basic
research and crop improvement in the species and related
oilseed species.

2 Material and method
2.1 Plant material

Seeds from three genotypes of B. carinata obtained from
Ethiopia were used in this study: the advanced line S-67 X
Holetta-1 (referred to as G1), cultivar Tesfa (referred to as G2),
and cultivar Derash (referred to as G3). G1 and G3 were included in
all experiments, while G2 was used only for genotype comparison as
it showed a similar regeneration capacity as G3. The reason to
choose G3 for further study was its oil content was higher than G2
according to Tesfaye et al. (2024).

2.2 Seed germination

Seeds were surface sterilized by soaking in 15% (v/v) calcium
hypochlorite (CaCl,O,) for 20 minutes and thoroughly rinsed with
sterile water. The sterilized seeds were then planted on germination
medium in sterile plastic boxes. The germination medium consisted
of half-strength Murashige and Skoog (MS) salts, 10 g I"* sucrose, and
7 g I'* Bacto agar, with a pH of 5.7. The boxes were placed in a
climate-controlled chamber set to 25°C during the day and 18°C at
night, with a 16-hour photoperiod and light intensity of 40 pmol m™
s provided by cool white uorescent tubes.

2.3 Protoplast isolation

Protoplast isolation was performed following the protocol by Li
et al. (2021). Brie y, approximately 40 fully expanded leaves were
harvested from 3- to 4-week-old seedlings (3 weeks for G2 and G3, 4
weeks for G1 due to a lower growth rate. The leaves were placed on
damp Iter paper in a Petri dish, nely sliced using scalpels or razor
blades, and incubated in plasmolysis solution (0.4 M mannitol, pH
5.7) in the dark at room temperature (RT) for 30 minutes.
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After plasmolysis, the leaf pieces were incubated in 10 ml
enzyme solution in the dark at RT for 14-16 hours with gentle
shaking. The enzyme solution contained 1.5% (w/v) cellulase
Onozuka™ R10 (Yakult Pharmaceutical Co., LTD., Tokyo,
Japan), 0.6% (w/v) MacerozymewI R10 (Yakult Pharmaceutical
Co., LTD., Tokyo, Japan), 0.4 M mannitol, 10 mM MES, 0.1%
(w/v) BSA, 1 mM CaCl,, and 1 mM b-mercaptoethanol, adjusted to
pH 5.7.

Following enzymatic digestion, 10 ml of W5 solution (Menczel
etal., 1981) was added to the Petri dish, which was then gently shaken
in the dark at RT for 10 minutes. The protoplast solution was Itered
through a 40 pm nylon mesh, and the Petri dish was washed with 20
ml of W5 solution. The Itered protoplast suspension was centrifuged
at 100 g for 10 minutes. The pellet was resuspended in 10 ml of W5
solution, centrifuged again for 5 minutes at 100 g, and this process
was repeated twice. The nal pellet was resuspended in 5 ml of W5
solution and kept on ice in the dark for 30 minutes.

The light-green supernatant was discarded, and the protoplasts
were diluted with 5-10 ml of W5 solution, depending on the size of
the pellet. To count the protoplasts, 15 pl of the solution was loaded
onto a hemocytometer. After centrifugation for 3 minutes at 100 g,
the protoplast density was adjusted to 400 000-600—-000 cells per ml
using 0.5 M mannitol. An equal volume of sodium alginate solution
(2.8% (w/v) sodium alginate, 0.4 M mannitol) was added and mixed
gently, according to the protocol by Kie kowska and Adamus (2012).

Approximately 600 pl of the suspension was pipetted onto
calcium-agar plates (0.4 M mannitol, 2.2 g I* CaCl,, and 10 g I**
Phyto agar) to form alginate disks. The disks were incubated at RT for
30 minutes, after which 2 ml of calcium solution (50 mM CaCl,, 0.4
M mannitol) was added to each disk and left to polymerize at room
temperature for 1 hour. Finally, the disks were transferred to culture
medium in a 6-well tissue culture plate for further development.

2.4 Protoplast culture and regeneration

Protoplasts were cultured in different media at various
developmental stages, with each medium optimized as shown
schematically in Figure 1.

At the initial stage, a liquid medium (referred to as MI) was used to
promote cell wall formation in the freshly isolated protoplasts, which
are highly susceptible to external damage. MI consisted of 2.18 g I"*
Nitsch nutrients, 10 g I* sucrose, 10 g I"* glucose, 100 g I”* mannitol,
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and 100 mg I"* casein, supplemented with 0.5 mg I 2,4-
dichlorophenoxyacetic acid (2,4-D) and 0.5 mg I'! a-
naphthaleneacetic acid (NAA), at pH 5.7. Protoplasts were cultured
in 6-well tissue culture plates, with one alginate disk per well and 2-3
ml M1 medium per well. The plates were covered with aluminum foil
and incubated at room temperature (RT) for 24 hours. Afterward, the
aluminum foil was replaced with ber cloth, and the plates were
transferred to a climate-controlled chamber as previously described.

After 34 days, the MI medium was replaced with a liquid
medium referred to as MII, designed to stimulate protoplast cell
division and callus formation. MII was similar to MI, except the
plant growth regulators (PGRs) which were replaced by 1.1 mg I*
thidiazuron (TDZ) and 0.05 mg I 2,4-D. The duration of culture in
MII and its impact on protoplast regeneration were tested at this
stage. During the 20-30 day culture period, the MIl medium was
refreshed every 5-7 days.

Once protoplast colonies formed on alginate disks, they were
transferred directly to solid medium (MII1I) in Petri dishes for callus
formation and shoot induction. Different PGR combinations and
culture durations were tested during this stage and detailed medium
compositions are presented in the results section. MI11 medium was
renewed every 5-7 days during 10-50 days until microprotoplast
calli reached 0.1-0.2 mm in diameter. All M111 media contained 0.5
mg It AgNO; and 2.5 g I Gelrite at pH 5.7.

The microprotoplast calli were then transferred to shoot
regeneration medium (MIV). Various PGR combinations were
tested for shoot regeneration, with the detailed compositions
provided in the results section. All MIV media contained 0.5 mg
I AgNO; and 2.5 g I"* Gelrite at pH 5.7.

Regenerated shoots were subsequently moved to shoot
elongation medium (MV), which consisted of full-strength MS, 20
g I'* sucrose, 0.05 mg I 6-benzyladenine (BAP), 0.03 mg I*
gibberellic acid (GA3), and 7.5 g I™* agar at pH 5.7.

The elongated shoots were nally transferred to the rooting
medium, containing half-strength MS, 20 g I* sucrose, 0.05 mg I*
NAA, and 7.5 g I'* agar at pH 5.7.

2.5 Protoplast transfection

Optimizing transfection ef ciency is crucial for successful
genome editing. Therefore, we tested different factors affecting
protoplast transfection ef ciency using a vector containing the

Ml M| MIII MIV MV

2-4d 20-30d 10-30d 10-20d 30d

Cell wall = | Cell == | Callus == | Shoot == | Shoot

formation division formation formation elongation
FIGURE 1

The ve developmental stages of protoplasts along with their culture durations in different media (where, “d” refers to days, “M” refers to media).
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green uorescent protein (GFP) gene (pCW498-35S-GFiP-OcsT,
14,743 bp) (Wood et al., 2009).

Approximately 150,000 washed protoplasts of G1 were re-
suspended in 200 pl of freshly prepared MMG solution (0.4 M
mannitol, 15 mM MgCl,, 4 mM MES) in a 2 ml Eppendorf tube.
The suspension was mixed with 40 ug of GFP vector DNA and an
equal volume of freshly prepared PEG-calcium solution (25% (w/v)
PEG4000, 0.4 M mannitol, 0.1 M CaCl,). The reaction was stopped
after 15 minutes by adding 1.5 ml W5 solution and gently inverting
the tube. The mixture was centrifuged at 100 g for 3 minutes, and the
supernatant was immediately discarded. Transfected protoplasts were
re-suspended in 1 ml MI medium, transferred to a six-well tissue
culture plate, and incubated in the dark at RT. The plate was then
moved to the climate-controlled chamber for further incubation.

2.6 Detection of GFP gene expression

To assess transfection ef ciency, GFP expression in protoplasts
was observed 48 hours post-transfection using a Zeiss LSM 880
Airyscan confocal laser scanning microscope.

2.7 Statistical analysis

Statistical analysis was conducted on the regeneration tests.
Each treatment included at least three biological replicates, with
each replicate consisting of 20—40 protoplast colonies. Regeneration
results were recorded after 30 days of culture on M1V medium when
shoots began to appear. Data were analyzed using ANOVA and
Tukey'’s test via Minitab (LLC) version 19.2020.1.

3 Results

3.1 Effect of genotypes on protoplast
regeneration

Three genotypes of B. carinata were tested in this study, with the
results presented in Table 1. Signi cant differences in regeneration
frequency were observed among the genotypes. Genotype 1 (G1)
exhibited the highest regeneration frequency at 64%, while G2 and

TABLE 1 Effect of genotype on protoplast regeneration ef ciency.

Genotype Regeneration ef ciency (%)
Gl 0642
G2 03Lb
G3 026 b

MI composition: Full Nitsch, 10 g I* sucrose, 10 g I'* glucose, 100 g I* mannitol, 100 mg I™*
casein, 0.5 mg I NAA, 0.5 mg I"* 2,4-D. MII: Full Nitsch, 10 g I"* sucrose, 10 g I glucose, 100
g I mannitol, 100 mg I™* casein, 1.1 mg I"* TDZ, 0.05 mg I 2,4-D. MI1I: Full MS, 30 g I
sucrose, 50 g I mannitol, 2.2 mg I TDZ, 0.05 mg I NAA, 0.5 mg I"X. MIV: Full MS, 30 g I™*
sucrose, 2.2 mg I TDZ, 0.05 mg I NAA, 0.5 mg I"%. Values followed by different letters were
statistically different at p=0.05.
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G3 had lower regeneration frequencies of 31% and 26%, respectively.
A gure panel is presented in Figure 2, representing different
development stages of protoplast culture of B. carinata.

3.2 Effect of MIl medium composition and
culture duration on protoplast
regeneration

3.2.1 Effect of mannitol concentration in Ml on
protoplast regeneration

The initial phase of protoplast (Figure 2A) development involves
cell wall formation, which is crucial for rapid cell division (Figure 2B).
The composition of MI and MII media, particularly nutrients, plant
growth regulators (PGRs), and mannitol concentrations, plays a
critical role in promoting cell wall and callus formation
(Figures 2C, D). In this study, we used the same MI and MII
media as reported for other oil crops (Li et al, 2021; Sandgrind
et al., 2021), and they proved to work well for B. carinata.

Mannitol is essential for maintaining osmotic pressure in
protoplasts during early development when the cell wall is not fully
formed. However, excessive mannitol concentrations can inhibit cell
division. We tested the effect of mannitol in M1 medium by including
three concentrations of mannitol (0, 50, 100 g I'™Y). The results showed
that only a concentration of 100 g I* mannitol supported shoot
regeneration (Figure 2E) in G1 and G3 (Table 2). This indicates that
high mannitol concentrations are crucial for shoot regeneration
during this stage, as the cell wall remains underdeveloped.

3.2.2 Effect of culture duration in MIl on
protoplast regeneration

The effect of culture duration in MIl medium on protoplast
regeneration was assessed (Table 3). The data indicated that culture
duration had a signi cant impact on regeneration frequency in B.
carinata. For G1, the optimal culture duration in MII for protoplast
regeneration was 25 to 30 days, resulting in the highest regeneration
frequency, whereas for G3, 20 to 30 days was optimal. Longer
culture durations (over 40 days) led to a sharp decline in
regeneration frequency for both genotypes.

There were clear differences in regeneration frequency between
G1 and G3 under different culture durations. Although both
genotypes followed a similar trend, G1 exhibited slower growth,
requiring a longer culture duration compared to G3. This slower
growth in G1 suggests that if protoplasts are transferred to MI1I too
early, the callus may be too small to continue growing.

3.3 Impact of MIll medium on protoplast
regeneration

Low regeneration frequency in protoplast culture is a common
challenge for many crops. To enhance regeneration frequency in B.
carinata, we investigated several critical factors, including the
presence of mannitol, PGR combinations and the effect of culture
duration in MIII medium.
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FIGURE 2

Microscopic images of different protoplast developmental stages (A—F) and protoplast transfection of B. carinata. (A) Freshly isolated protoplast (Day
1). (B) Growing protoplast cells (Day 7 or 15). (C) Callus growth (Day 21). (D) Micro protoplastcalli (on CIM medium 25d). (E) Shoot formed from callus
(on SIM medium 10d). (F) GFP expression in protoplast after transfection (48h after transfection).

TABLE 2 Effect of Mannitol in MIl medium on protoplast regeneration
ef ciency (%).

Genotype Gl G3
Mannitol 100 g I** 0.64 a 0.24 a
Mannitol 50 g I** 00b 00b
Mannitol 0 g I** 00b 00b

MII composition: 2.18 g I"* Nitsch medium, 10 g I"* sucrose, 10 g I"* glucose, 100 mg I* casein,
1.1mg 1™ TDZ, 0.05 mg I"* 2,4-D. Other media as follows: MI: 2.18 g I"* Nitsch medium, 10 g I
*sucrose, 10 g I glucose, 100 g I"* mannitol, 100 mg I™* casein, 0.5 mg I"* NAA, 0.5 mg I 2,4-
D. MIII: Full MS, 30 g I sucrose, 50 g I* mannitol, 2.2 mg I TDZ, 0.05 mg I NAA, 0.5 mg I
* AgNO3. MIV: Full MS, 30 g I"* sucrose, 2.2 mg I TDZ, 0.05 mg I NAA. Values followed by
the same letter were not statistically different at p=0.05.

TABLE 3 Effect of culture duration in MIl medium on protoplast
regeneration ef ciency (%).

3.3.1 Effect of mannitol concentration in Ml
medium on protoplast regeneration

Our results demonstrate that the presence of mannitol in the
MIII medium remains crucial for protoplast regeneration (Table 4).
Compared to the treatment with 50 g I mannitol in the MIII
medium, the absence of mannitol resulted in a signi cant decrease
in protoplast regeneration frequency.

3.3.2 Effect of PGR combinations in Mlll on
protoplast regeneration

After development of cell walls the protoplasts would undergo
rapid cell division and form callus. The composition of MIII,
especially PGR combinations, was crucial for promoting callus

TABLE 4 Effect of Mannitol in MIIl medium on protoplast regeneration
ef ciency (%).

Day 20 25 30 40 50 Genotype
Gl 0.10c 057 a 062 a 0.46 b 016 ¢ Mannitol 50 g I** 064 a 024 a
G3 0.25a 020 a 030a 0.14b 002¢c Mannitol 0 g I 011b 0.05b

MII composition: 2.18 g I"* Nitsch medium, 10 g I"* sucrose, 10 g I"* glucose, 100 g I mannitol,
100 mg I"* casein, 1.1 mg I* TDZ, 0.05 mg I* 2,4-D. MI: 2.18 g I"* Nitsch medium, 10 g I'*
sucrose, 10 g 1™ glucose, 100 g I'* mannitol, 100 mg I"* casein, 0.5 mg I NAA, 0.5 mg 1™ 24-D.
MIII: Full MS, 30 g I™* sucrose, 50 g I"* mannitol, 2.2 mg I TDZ, 0.05 mg I NAA. MIV: Full
MS, 30 g I" sucrose, 2.2 mg It TDZ, 0.05 mg I NAA, 0.5 mg IX. Values followed by different
letters were statistically different at p=0.05.
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MI1I composition: Full MS, 30 g I"* Sucrose, 2.2 mg I* TDZ, 0.05 mg I, Other media as
follows: MI: 2.18 g I™* Nitsch medium, 10 g I"* sucrose, 10 g I"* glucose, 100 g I* mannitol, 100
mg I™* casein, NAA 0.5 mg I, 2,4-D 0.5 mg I'*. MI1: 2.18 g I"* Nitsch medium, 10 g I"* sucrose,
10 g I"* glucose, 100 g I"* mannitol, 100 mg I™* casein, TDZ 1.1 mg I™%, 2,4-D 0.05 mg I'X. MIV:
Full MS, sucrose 30 g I, 2.2 mg I TDZ, NAA 0.05 mg I™%. Values followed by different letters
were statistically different at p=0.05.
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