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Abstract 

Background  Brassica oleracea L. is a key plant in the Brassicaceae family, known for popular vegetables like cab‑
bage, broccoli, kale and collard. Collard (B. oleracea var. viridis) is a non-heading leafy vegetable grown in urban farms 
and community gardens in the United States and Europe. Improving collard and other Brassica germplasm can ben‑
efit from both traditional and new plant breeding technologies (NPBTs), such as CRISPR-Cas mediated transformation. 
An efficient transformation or protoplast fusion can only be achieved with a robust and reproducible protocol for pro‑
toplast-to-plant regeneration. This research focuses on optimizing in vitro culture conditions to enhance cell divisions, 
microcallus formation, and the regeneration of shoots and roots in four Brassica oleracea varieties, including collard.

Results  The protocol of protoplast release, purification and immobilization was optimized to obtain a suitable 
number and quality of protoplasts from seven cultivars of B. oleracea. The protoplast isolation efficiency after diges‑
tion of young leaves in optimized enzyme solution reached on average 2.5 × 106 of cells per gram of fresh weight. 
Protoplasts were embedded in thin alginate layers and subjected to culture in three different media. Protoplasts of all 
studied cultivars were viable (88.2%), underwent cell wall resynthesis and re-entered mitotic divisions in the 5th day 
of culture. After 30 days of culture, protoplast-derived cells of all the tested cultivars formed microcallus. Six cultivars 
regenerated shoots, although the shoot formation efficiency strongly depended on the genotype and composition 
of the regeneration medium. The regeneration medium supplemented with 1 mg l−1 of NAA, 1 mg l−1 of 2iP, 0.02 
mg l−1 GA3 and with 2% of mannitol showed the highest shoot formation efficiency for five cultivars of B. oleracea.

Conclusions  The results of this research have led to the development of a robust protoplast-to-plant regeneration 
protocol for four varieties of B. oleracea that could be exploited as a tool for production of transformants and somatic 
hybrids. Furthermore, we present the first successful regeneration of protoplast-derived plants of collard, an over‑
looked but valuable variety of Brassica oleracea.
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Background
Brassica oleracea L. is a significant species within the 
Brassicaceae family due to its various uses and charac-
teristics. The species has high economic and nutritional 
value, and includes several popular and commercially 
cultivated vegetables such as cabbage, broccoli, cauli-
flower, Brussels sprouts, kale, kohlrabi, and Savoy cab-
bage. Brassica oleracea also plays a vital role in advancing 
plant breeding and biotechnology by serving as a valuable 
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genetic reservoir for creating new Brassica varieties with 
enhanced attributes such as disease resistance and yield 
capacity [1].

Brassica oleracea var. viridis, known as collard, might 
not only provide such a resource but also could benefit 
from other Brassica genetic resources. This  leafy veg-
etable  is  frequently  cultivated  in British Isles, Portugal, 
Spain, Italy and the United States. Results of genetic 
studies indicate that cabbage (B. oleracea var. capitata) 
is likely the closest relative to collard [2, 3]. Over the 
years the genetic diversity of collard has been depleted 
due to the widespread use of commercial hybrids [4]. 
Moreover, the majority of modern cultivars are prone to 
fusarium yellow and black rot, which can cause serious 
damage when grown in warm, infested soil [5]. Fanh-
ram et  al. [6] attempted to exploit a close relationship 
between fusarium yellow-resistant cabbage and collard 
to produce hybrids and aid the development of new col-
lard varieties with improved resistance. Although new 
hybrids were produced and exhibited more collard-like 
traits, they were not subjected to field tests in infested 
soil [6]. The improvement of agronomically important 
traits in collard could greatly benefit from using  bio-
technological  methods  like  somatic hybridization or 
genetic transformation,  both stable and transient. In 
fact, somatic  hybridization has already  proven  effec-
tive  for Brassica species  in  introducing  genetic vari-
ability and transferring desirable traits, such as resistance 
to bacterial and fungal diseases or cytoplasmic male ste-
rility [7–11]. While the potential of somatic hybridization 
to create new varieties may still be limited, it remains an 
important tool for improving multigenic traits in plant 
breeding.

Genetic transformation in Brassica has been reported 
in several studies, with the use of various types of 
explants, such as hypocotyls, cotyledons and peduncles 
[12–15]. More recently, protoplasts are gaining more 
attention as a new type of explant suitable for genome 
editing through transient transformation, and were also 
utilized in studies on genome editing in cabbage [16, 17]. 
Stajič et al. [16] compared two commonly used transient 
expression methods (protoplast transfection and agrofil-
tration) for genome editing in red cabbage. Both meth-
ods provide a valuable tool for testing new CRISPR/Cas9 
constructs, whereas protoplast transfection proved to be 
more suitable for cabbage when regeneration is required.

The use of protoplasts has  the  potential to  speed 
up  the  development of  new plant breeding technolo-
gies. To successfully employ protoplast cultures and 
manipulations on protoplasts in practice, several key 
requirements need to be met. These include: (1) an effi-
cient and consistent isolation of large quantities of highly 
viable protoplasts, (2) efficient methods for obtaining 

and culturing viable cells, and (3) the establishment of 
reproducible strategies for the protoplast-to-plant regen-
eration [18]. Each step has to be carefully tailored to the 
species, subspecies, or even particular genotypes of inter-
est. A detailed analysis of protoplast culture in B. olera-
cea revealed that the genetic makeup plays a crucial role 
in determining the widespread application of protoplast 
techniques in the advancement of breeding and biotech-
nology in this plant species [19–23].

While previous studies have outlined various 
approaches for regenerating plants from protoplasts 
in Brassica species [24–27], these methods are often 
not easily reproducible, especially in Brassica oleracea. 
Enhancing methods for regenerating protoplasts from 
various B. oleracea varieties is crucial for progressing bio-
technological advancements of current genetic resources. 
The main objective of this study is to optimize  in vitro 
culture conditions to enhance cell divisions, microcal-
lus formation, and the regeneration of shoots and roots 
in broad spectrum of Brassica oleracea (four varieties, 
seven cultivars). Furthermore, we present the first suc-
cessful protoplast-to-plant regeneration of collard, an 
unacknowledged and overlooked variety of Brassica 
oleracea, showing significant potential for broadening the 
genetic diversity within Brassica species.

Methods
Plant material
As a protoplast source, seven cultivars of Brassica olera-
cea L. have been used (Table 1).

Protoplasts were isolated from young plants germi-
nated from seeds in in vitro conditions. For this purpose, 
seeds of donor cultivars were surface disinfected in 70% 
(v/v) ethanol for 2 min., 10% (w/v) chloramine T (Bioche-
mie Poland, Poland) for 20 min., and washed three times 
with sterile distilled water (5 min. each) and air dried. 
Seeds were placed in sterile 500 ml plastic culture boxes 
(Pakler Lerka, Poland) containing approx. 80 ml of MS20 
medium (Table 2) and maintained at 22 ± 2 °C with 16-h 
photoperiod and light intensity of 40 μmol m−2 s−1 (fluo-
rescent lamps Sylvania Gro-lux T8, USA).

Protoplast isolation and culture
Protoplasts were isolated from leaf blades of 4-week-
old in  vitro grown plants. Plant material was weighted 
(g) and then cut into fine pieces and pre-treated in 8 ml 
of plasmolysis solution (Table 2) for one hour and then, 
incubated in 8 ml of ESC enzyme solution (Table 2) for 16 
h on a gyratory shaker (30 rpm; Rotamax 120, Heidolph 
Instruments, Germany) at 26 ± 2 °C in the dark. Then the 
protoplasts were separated from undigested tissues by fil-
tration through a nylon mesh (100 µm; Millipore, USA) 
and centrifuged (1000 rpm for 5 min; MPW-223e, MPR 
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Med Instruments, Poland; rotor type: MPR no 12,485). 
The pellet was resuspended in 8 ml of sucrose/MES solu-
tion (Table  2) and overlaid with 2 ml of W5 solution 
(Table  2) for gradient centrifugation (1200 rpm for 10 
min). Undamaged protoplasts localized in the interphase 
between sucrose and W5 solution were transferred into a 
fresh tube, washed two times by centrifugation (1000 rpm 
for 5 min each); firstly in 10 ml of W5 solution, and then 
in 10 ml of CPPO1 culture medium (Table 2). After the 
purification step, protoplast yield was determined by cell 
counting, using Fuchs Rosenthal hemocytometer cham-
ber. The working density of protoplasts was adjusted to 
8 × 105 protoplasts per ml. Then protoplasts were embed-
ded in calcium alginate layers according to Kiełkowska 
and Adamus [21]. Equal volumes of protoplast suspen-
sion in CPPO1 culture medium and sodium alginate 
solution (Table  2) were mixed carefully. Alginate layers 
were obtained by spreading 400 µl protoplast-alginate 
mixture onto 60 mm Petri dishes containing calcium-
agar medium (Table  2). After 1h incubation at room 
temperature, gelated alginate layers were transferred to 
60 mm Petri dishes containing 4 ml of appropriate cul-
ture medium (either CPPO1, Bras4 or Bras5 – Table 2). 
In order to maintain aseptic conditions of the cultures, 
200 mg l−1 cefotaxime (Polfa Tarchomin SA, Poland) was 
added to all media. Cultures were incubated in the dark 
at 24 ± 2 °C. The culture media were renewed once after 
10 days of culture.

Shoot regeneration and plant acclimatization
After 30 days of culture protoplast-derived microcalli 
were counted (crudes ≥ 0.5mm) on every layer and then 
were released from alginate matrix by incubation in 8 
ml of sodium citrate solution (Table 2) for one hour. The 
obtained suspension was then centrifuged at 800 rpm for 
5 min (MPW-223e, MPR Med Instruments, Poland; rotor 
type: MPR no 12,485) in order to remove alginate resi-
dues and citrate solution. The pellet was then washed in 8 
ml of CPPD2 medium (Table 2). Callus derived from one 
alginate layer was resuspended in 3–4 ml of the CPPD2 

medium and plated on filter paper placed in 90 × 15 mm 
Petri dish with 20 ml of regeneration medium (either P, 
RBras3 or RBras4 – Table  2). After two weeks the fil-
ter paper was removed. Developing shoots were trans-
ferred to fresh medium every 3 to 4 weeks. Cultures were 
maintained at 24 ± 2 °C with a 16h photoperiod at a light 
intensity of 40 μmol m−2 s−1. During subsequent pas-
sages on to regeneration media, shoots produced roots. 
Rooted plantlets were planted into multipots filled with 
moistened coconut substrate (Ceres International Ltd., 
Pyzdry, PL) and transferred into the climatic chambers 
SANYO MLR-352H (Sanyo Electric Biomedical Co. Ltd., 
JP) set up for 19 ± 2 °C with a 16-h photoperiod, a light 
intensity of 45 μmol m−2 s−1, and an air humidity of 90%. 
The plants were acclimatized to ex vitro conditions for 2 
weeks by a gradual reduction of the air humidity to the 
final value of 70%.

Flow cytometry analyses of the regenerants
The ploidy level of the regenerants was estimated using 
flow cytometry. Briefly, approximately 500 mg of leaf tis-
sue from in-vitro-cultured plants was cut with a razor 
blade in the presence of 1 ml of a lysis buffer (10 mM 
Tris, 2 mM MgCl2·6H2O, 50 mM sodium chloride, 0.1% 
(v/v) TRITON X-100, pH 7.0). The lysis buffer was sup-
plemented with a 1 ml 4′,6-diamidino-2-phenylindole 
dihydrochloride (DAPI, Merck) solution (10 mg DAPI 
in 10 ml of water). The suspension was filtered through a 
nylon filter (pore size 30 μM, Millipore), incubated for 5 
min at room temperature, and measured for the relative 
nuclear DNA content using Partec PA II (Partec GmbH, 
Münster, Germany). As a reference standard leaves from 
seed-derived plants of certain B. oleracea varieties were 
used.

Data collection and statistical analysis
The single experiment consisted of three to fifteen inde-
pendent protoplast isolations with a single  treatment 
represented by five Petri dishes. Isolation yield was deter-
mined using a hemocytometer.

Table 1  Seed source of Brassica cultivars used for protoplast cultures

Species Common name Cultivar Seed source

Brassica oleracea var. capitata f. rubra red cabbage Haco PlantiCo Zielonki Sp. z.o.o., Poland

Kalibos PlantiCo Zielonki Sp. z.o.o., Poland

Brassica oleracea var. gemmifera Brussels sprout Casiopea PlantiCo Zielonki Sp. z.o.o., Poland

Red PlantiCo Zielonki Sp. z.o.o., Poland

Brassica oleracea var. sabellica kale Kapral PlantiCo Zielonki Sp. z.o.o., Poland

Scarlet PlantiCo Zielonki Sp. z.o.o., Poland

Brassica oleracea var. viridis collard Vates Sustainable Seed Company, USA
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Table 2  Solutions and media used for the protoplast isolation and culture, callus culture and plant regeneration of selected cultivars 
of Brassica olearacea L

Solution/
medium name

Solution/
medium composition

Application Storage conditions

MS20 MS micro- and macroelements including vitamins 
[28] (Duchefa Biochemie, The Netherlands), 20 g l−1 
sucrose (POCH, PL), 0.28% (w/v) Gelrite (Duchefa 
Biochemie); pH 5.8; autoclaved

seed germination and donor plant growth RT

PSII 0.5 M mannitol (Merck); pH 5.6; autoclaved plasmolysis RT

enzyme solution (ESC) [29] 0.5% (w/v) cellulase Onozuka R-10 (Duchefa 
Biochemie), 0.1% (w/v) pectolyase Y-23 (Duchefa 
Biochemie), 5 mM 2-(N-morpholino) ethanesulfonic 
acid (MES; Merck), 27 mM calcium chloride (POCH, 
Poland), 0.4 M mannitol (Merck); pH 5.8; filtered 
(0.22 µm membrane)

cell wall digestion 4 °C, dark

sucrose/MES 0.5 M sucrose (POCH), 1 mM MES (Merck); pH 5.8; 
autoclaved

protoplast separation and purification RT

W5 [30] 154 mM sodium chloride (POCH), 125 mM calcium 
chloride dihydrate (POCH), 5 mM potassium chloride 
(POCH), 5 mM glucose (POCH); pH 5.8; autoclaved

protoplast purification RT

CPPO1 macro- and microelements, and organic acids 
according to Kao and Michayluk [31] (Duchefa 
Biochemie), vitamins according to Gamborg B5 
medium [32], 0.4 M glucose (POCH), 250 mg l−1 
casein enzymatic hydrolysate (Merck), 0.1 mg l−1 
2,4-dichlorophenoxyacetic acid (2,4-D; Merck), 
0.5 mg l−1 1-naphthaleneacetic acid (NAA; Merck) 
and 0.5 mg l−1 6-benzylaminopurine (BA; Merck); pH 
5.6; filtered (0.22 µm membrane)

protoplast culture 4 °C, dark

Bras4 macro- and microelements, and organic acids 
according to Kao and Michayluk [31] (Duchefa 
Biochemie), vitamins according to Gamborg B5 
medium [32], 0.35 M glucose (POCH), 30 mM sucrose 
(POCH), 30 mg l−1 adenine (Merck), 0.5 MES (Merck), 
0.5 mg l−1 2,4-D ( Merck), 0.8 mg l−1 NAA (Merck) 
and 1.0 mg l−1 BA (Merck); pH 5.6; filtered (0.22 µm 
membrane)

protoplast culture 4 °C, dark

Bras5 [33] with modifications Gamborg B5 macro- and microelements with vita‑
mins [32] (Duchefa Biochemie), 0.3 M glucose 
(POCH), 0.1 M mannitol (Merck), 0.3 mg l−1 2,4-D 
(Merck), 1.0 mg l−1 NAA (Merck) and 1.0 mg l−1 BA 
(Merck); pH 5.8; filtered (0.22 µm membrane)

protoplast culture 4 °C, dark

sodium alginate solution 0.4 M mannitol (Merck), 2.8% (w/v) alginic acid 
sodium salt (Merck); pH 5.8; filtered (0.22 µm mem‑
brane)

protoplast embedding RT

Ca-agar medium 40 mM calcium chloride (POCH), 0.4 M mannitol 
(Merck), 1% (w/v) agar (Biocorp, Poland); pH 5.8; 
autoclaved

alginate gelation RT

sodium citrate solution 20 mM sodium citrate (POCH), 0.2 M mannitol 
(Merck); pH 5.8; autoclaved

callus microcolonies release RT

CPPD2 full macro- and microelements, and ¼ of organic 
acids according to Kao and Michayluk [31] (Duchefa 
Biochemie), vitamins according to Gamborg B5 
medium [32], 0.1 M sucrose (POCH), 0.17 M mannitol 
(Merck), 250 mg l−1 casein enzymatic hydrolysate 
(Merck), 0.5 mg l−1 2,4-D (Merck), 0.2 mg l−1 NAA 
(Merck) and 0.5 mg l−1 BA (Merck), 0.2 mg l−1 zeatina 
(Duchefa Biochemie); pH 5.6; autoclaved

purification of microcolonies 4 °C, dark
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(Heinz Herenz, Germany) and presented as the num-
ber of protoplasts per gram of fresh weight (FW). The 
viability of protoplasts was estimated by staining with 
fluorescein diacetate (FDA, Merck) approximately 1 h 
after isolation (day 1) and five days after isolation (day 
5). The protocol for protoplast staining was as follows: 
15 μl of 0.3% filter-sterilized FDA-acetone stock solution 
was dissolved in 1 ml of culture medium to prepare FDA 
working solution. 100  μl of that solution was added to 
the culture of embedded protoplasts and left for 15 min 
in the dark. Viability was expressed as a percentage of 
protoplasts with green fluorescence out of total observed 
cells. Observations of viability were done on a minimum 
of 500 cells per treatment. To observe resynthesis of the 
cell wall, calcofluor white M2R (Merck) was used for cel-
lulose staining. 4 µl of 0.01% water solution of dye was 
added to the culture dish with protoplasts (filled with 
4 ml of culture media) and incubated for 15 min in the 
dark. Observations were made for B. oleracea var. viridis 
after 48 and 72h of culture. Observations under calco-
fluor were done on a minimum of 500 cells per treatment 
and were done for cells cultured on CPPO1 and Bras5 
media.

Plating efficiency was estimated on 5th (day 5) and 15th 
day (day 15) of culture and was expressed as a percent-
age of dividing protoplast-derived cell colonies per total 
number of observed undivided cells and cell colonies. 
Observations of plating efficiency were done on mini-
mum 400 objects per treatment. Regeneration frequency 
was calculated as a percentage of shoots regenerated 

from callus per total number of calli cultured on the 
regeneration medium.

All microscopic observations were performed under 
an inverted Leica DMi8 microscope (Leica Microsys-
tems, Germany) or Carl Zeiss Axiovert S100 microscope 
(Carl Zeiss, Germany) with a suitable filter set for visu-
alization of fluorescein fluorescence (FITC; λEx = 460–
500  nm, λEm = 512–542  nm) and calcofluor white M2R 
(λEx = 320–360 nm, λEm = 410–450 nm).

Collected data were subjected to an analysis of vari-
ance (ANOVA) with separation of means done using 
Tukey–Kramer post-hoc test. If assumptions of normal-
ity and homogeneity of variances were not met, the non-
parametric Kruskal–Wallis test followed by the post hoc 
Dunn’s multiple comparison test were used.

All statistics were calculated with Statistica ver. 13.3 
(TIBCO Software Inc., Palo Alto, CA, USA) software 
at P ≤ 0.05. The data are presented as a mean ± standard 
error (SE).

Results
Yield, viability and cell wall re‑synthesis of isolated 
protoplasts
The leaves from in vitro grown plants (Figs. 1a-f and 2a) 
of all cultivars were an effective source of tissue for pro-
toplast isolation (Fig.  2b-c). The average yield of proto-
plasts was 2.5 ± 0.3 × 106 cells per g of FW (Table 3). The 
mean protoplast yield varied considerably between cul-
tivars, and for ‘Haco’ was approximately six-fold higher 

RT room temperature
a zeatin added after sterilization of medium

Table 2  (continued)

Solution/
medium name

Solution/
medium composition

Application Storage conditions

P [24] with modifications MS micro- and macroelements including vitamins 
[28] (Duchefa Biochemie), 0.17 M mannitol (Merck), 
30 mM sucrose (POCH), 1.0 mg l−1 NAA (Merck), 
1.0 mg l−1 6-(γ,γ-Dimethylallylamino)purine (2iP; 
Merck), 0.02 mg l−1 gibberellic acid (GA3; Merck) 
and 0.28% (w/v) Gelrite (Duchefa Biochemie); pH 5.8; 
autoclaved

callus culture and shoot regeneration RT

RBras3 Gamborg B5 micro- and macroelments with vitamins 
[32] (Duchefa Biochemie), 2.0 mg l−1 glycine (Merck), 
0.1 M sucrose (POCH), 50 mg l−1 casein enzymatic 
hydrolysate (Merck), 1.0 mg l−1 NAA (Merck), 
1.0 mg l−1 2iP (Merck), 0.05 mg l−1 GA3 (Merck) 
and 0.28% (w/v) Gelrite (Duchefa Biochemie); pH 5.8; 
autoclaved

callus culture and shoot regeneration RT

RBras4 MS micro- and macroelements including vitamins 
[28] (Duchefa Biochemie), 0.1 M sucrose (POCH), 
0.2 mg l−1 indole-3-acetic acid (IAA; Merck), 1.0 mg l−1 
zeatina (Duchefa Biochemie) and 0.28% (w/v) Gelrite 
(Duchefa Biochemie); pH 5.7–5.8; autoclaved

callus culture and shoot regeneration RT
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(5.5 ± 2.2) than for the least efficient cultivar ‘Kapral’ 
(0.9 ± 0.1).

The viability of alginate embedded protoplasts, esti-
mated in 1 h-old cultures, was high regardless of cultivar, 
and varied between 84.6% for ‘Vates’ (Fig. 2d) and 93.6% 
for ‘Kalibos’ (Table  4, Fig.  3a-b). A decrease of viability 
was observed after five days of culture for six cultivars, in 
each of the tested culture medium. The most prominent 
decrease of viability in relation to the first day of culture 
was observed for ‘Red’ (from 89.0% to 79.4%), whereas 

the lowest was noted for ‘Vates’ (from 84.6% to 82.8%). 
The mean viability of ‘Scarlet’ protoplasts did not change 
within the first days of culture. No significant differences 
in protoplast viability were observed for the tested media 
(Table 4). In general, the highest viability of protoplasts in 
the five-day old cultures was observed for Bras5 medium 
(86.8%).

Regardless of the culture medium used, collard pro-
toplasts showed the ability to completely re-synthe-
size the cell wall (Fig.  4a). The blue fluorescence of 

Fig. 1  Donor plants for protoplast isolation; red cabbage: ‘Haco’ (a), ‘Kalibos’ (b); Brussels sprout: ‘Casiopea’ (c), ‘Red’ (d); kale: ‘Kapral’ (e), ‘Scarlet’ (f). 
Scale: 1 cm
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cellulose after calcofluor treatment was the evidence 
for the cell wall re-synthesis process (Fig.  4b). While 
cells devoid of a cell wall were identified at both time 
points, the majority of protoplasts commenced the 
process of cell wall re-synthesis. In 48-h-old cultures, 
cells with a complete and partially reconstituted wall 
represented 91.7% of the observed cells. After 72 h of 
culture, cells with a complete and partial re-synthesis 

represented 96.9% of observed cells (73.0 and 23.9%, 
respectively).

Effect of cultivar and culture medium on plating efficiency 
and microcallus formation
Seven cultivars were compared to evaluate the plating 
efficiency in B. oleracea protoplast cultures in three cul-
ture media. Change in protoplast shape was observed 

Fig. 2  Protoplast cultures of B. oleracea var. viridis ‘Vates’: a five-week old donor plant; b-c freshly isolated leaf protoplasts before (b) and after (c) 
gradient centrifugation; d light-green fluorescence of viable protoplasts stained with FDA; e first cell divisions observed after 72 h of culture 
(1) and non-dividing cells (2); f cell wall reconstruction tracked by calcofluor white staining – fluorescence shows distribution of cellulose 
on the surface of protoplasts after 72 h of culture, and points on cytokinesis commencement (1) or incomplete cell wall reconstruction (2); g cell 
colony formation on the fifth day of culture (pointed by red arrow); h multi-cellular colony on the fifteenth day of culture; i protoplast-derived callus 
with a clearly visible effect of culture media on protoplast culture development; j-k indirect shoot organogenesis (pointed by red arrows) after 2–3 
months on regeneration medium P; l protoplast-derived 4-month-old acclimatized plant grown under greenhouse conditions. Scale: a 1 cm; 
b-h 100 µm
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around third and fourth day of culture. First mitotic 
divisions occurred in the fourth day of culture for all 
cultivars (Fig.  2e-f ) and differences in plating efficiency 
between tested cultivars were observed. On the 5th day 
the average plating efficiency was 46 ± 3.0% (Table  5, 
Additional file  1: Tab. S1 and Tab. S2, Fig.  3c-e) and 
increased gradually with the duration of culture, reach-
ing an average of 62.1 ± 2.0% on the 15th day (Fig. 3f-h). 
In five-day-old cultures, the highest plating efficiency was 
scored for ‘Kapral’ (79.6 ± 1.2%) and ‘Vates’ (66.3 ± 5.0%) 
while for other cultivars it ranged between 21–29%. 

In fifteen-day-old cultures plating efficiency was more 
evenly distributed and ranged from 45 to 78% (Table 5). 
At both time points there were no differences in plating 
efficiency, regardless of culture medium and cultivar used 
(Table 5, Additional file 1: Tab. S1).

Continuous mitotic divisions of the protoplast-derived 
cells lead to the formation of cell colonies (Fig.  2g-h). 
Cell colonies developed into microcallus visible to the 
naked eye (≥ 0.5 mm) at around the fourth week of cul-
ture (Fig. 2i). The mean number of microcalli produced 
per single dish was cultivar- and medium-dependent 
(Table  6, Additional file  1: Tab. S3 and Tab. S4). Culti-
var ‘Red’ was characterized by the highest number of 
microcalli (60.5 ± 2.2 per dish), whereas the least pro-
lific ‘Kapral’ produced 29.8 ± 0.8 microcalli per dish. The 
average number of microcalli produced in culture media 
Bras4 and Bras5 was 9.5% and 4.2% lower than in CPPO1, 
respectively (Table 6).

Plant regeneration from protoplast cultures of Brassica 
oleracea L
Calli (Figs. 2i, and 3i-k) obtained in each treatment were 
released from alginate layers and placed on three solid 
regeneration media P, RBras3 and RBras4. Upon reach-
ing four weeks of culture on the regeneration medium, 
many callus clumps expanded in size and turned green 
(Fig.  5a-c) with an occasional formation of anthocyanin 
rich cell clusters. However, some callus clumps changed 
to a brown color and did not develop further (Fig.  5d-
e). The plant regeneration efficiency was cultivar- and 
medium-dependent (Table  7, Additional file  1: Tab. S5 
and Tab. S6). In six of tested cultivars the growth of green 
callus was sustained, leading to the development of mor-
phogenic structures (Fig.  5f-i), followed by the regener-
ation of shoots (Fig.  5j-n). The callus of ‘Haco’ failed to 
regenerate on every of the tested regeneration media. 
Among cultivars displaying regenerative ability, ‘Kalibos’ 
was characterized by the highest rate of shoot forma-
tion (6.6 ± 1.9%). The frequency of shoot development for 
‘Red’ was the lowest and did not exceed 0.1%. The aver-
age shoot regeneration frequency (SRF) observed for 
other cultivars was more uniform and ranged from 1.6% 
for ‘Casiopea’ to 3.5% for ‘Kapral’. The mean efficiency 
of regeneration on RBras3 and RBras4 was lower when 
compared to P medium, whereas the influence of proto-
plast culture medium used on the plant regeneration was 
not apparent (Table 7).

A more detailed analysis of regeneration capacity 
in dependency from protoplast culture medium and 
regeneration medium showed differences in response 
of particular cultivars (Additional file 1: Tab. S7). ‘Vates’ 
showed the most efficient shoot regeneration, 19.7%, in 
CPPO1 medium-derived callus cultures maintained on 

Table 3  Yield of mesophyll-derived protoplasts of seven 
cultivars of Brassica oleracea L

Means followed by the same letters within a column were not significantly 
different at P ≤ 0.05

FW fresh weight, n number of independent protoplast isolations

Cultivar n Protoplast yield 
(× 106/g FW ± SE)

Haco 3 5.5 ± 2.2 ab

Kalibos 3 2.9 ± 0.6 a-c

Casiopea 12 1.8 ± 0.5 a-c

Red 3 6.1 ± 0.8 a

Kapral 4 0.9 ± 0.1 c

Scarlet 9 3.5 ± 0.4 a

Vates 15 1.4 ± 0.2 bc

Total/Mean 49 2.5 ± 0.3

Table 4  Effect of cultivar and culture medium on protoplast 
viability in Brassica oleracea L

Means followed by the same letters within a column were not significantly 
different at P ≤ 0.05

N number of independent protoplast isolations
a  The means represent averages of seven cultivars

Factor Protoplast viability (% ± SE)

n in 1-day-old cultures in 5-day-old cultures

Cultivar
  Haco 9 88.8 ± 1.7 a-c 79.7 ± 5.3 bc

  Kalibos 9 93.6 ± 0.7 a 87.7 ± 2.0 a-c

  Casiopea 12 90.4 ± 0.5 ab 88.2 ± 1.3 ab

  Red 9 89.0 ± 2.7 ab 79.4 ± 4.7 bc

  Kapral 16 87.1 ± 0.4 bc 83.7 ± 1.0 bc

  Scarlet 16 90.6 ± 0.9 ab 90.6 ± 0.6 a

  Vates 31 84.6 ± 0.7 c 82.8 ± 0.7 c

Culture mediuma

  CPPO1 44 88.3 ± 0.7 83.9 ± 1.1

  Bras4 31 88.0 ± 0.8 83.8 ± 1.5

  Bras5 27 88.2 ± 1.1 86.8 ± 1.7

Total/Mean 102 88.2 ± 0.5 84.7 ± 0.8
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the P regeneration medium (Fig.  2j-k), whereas RBras4 
medium-derived callus cultures maintained on P medium 
were characterized by much lower SRF (1.8%). Similarly, 
for ‘Kapral’ more than two-fold higher SRF was observed 
in combination CPPO1 culture medium + P regeneration 
medium when compared to RBras4 + P (11.1% vs. 5.1%). 
SRF of ‘Casiopea’ was also influenced by the combina-
tion of used protoplast culture and regeneration media. 
The highest number of regenerated shoots was observed 
in Bras4 medium-derived callus cultures maintained on 
the P medium (10.9%). A three to five-fold decrease in 
SRF was noted for both Bras5 + P and CPPO1 + P com-
bination (3.6 and 2.2%, respectively). Moreover, SRF of 
‘Casiopea’ on RBras3 was very low (0.3%) and no regener-
ation on RBras4 was observed. Shoot regeneration of cv. 
‘Scarlet’ was limited to P medium, with the highest SRF 
observed in Bras5 + P medium (9.9%). This media com-
bination proved to be also the most suitable for shoot 
regeneration of ‘Kalibos’ (16.5%; Additional file  1: Tab. 
S7). Obtained shoots during subsequent passages pro-
duced roots, and only these were subjected to the accli-
matization. Successfully acclimatized regenerants were 
subjected to ploidy analyses. In total, 176 regenerants 
(Figs. 2l, and 5o-q) representing five cultivars were sub-
jected to flow cytometry analysis (Table 8). The majority 
of regenerants were diploid (79.5%), however, tetraploids 

were also identified (18.2%). Moreover, 2.3% of regener-
ants were characterized by mixed ploidy (2x − 4x).

Discussion
Yield and viability of isolated protoplasts
The present study has developed a successful protocol for 
plant regeneration via indirect organogenesis from leaf 
protoplasts in six of the seven tested cultivars of Bras-
sica oleracea. The use of leaf mesophyll as a source of 
protoplasts has been previously reported in Brassica spe-
cies, including B. oleracea [22, 24–26], B. napus [24] and 
occasionally B. rapa [34]. Hussain et al. [26] determined 
that true leaves are a more efficient source of protoplasts 
compared to cotyledons in their study of five B. oleracea 
varieties. Our research involved slight adjustments to the 
enzyme solution proposed by Kiełkowska and Adamus 
[35], such as higher concentrations of CaCl2 and MES.

These adjustments resulted in a very high average 
yield of 2.5 × 106 cells per gram of fresh weight. Con-
sistent with previous findings [18, 36], the protoplast 
yield was influenced by the genotype, aligning with 
existing studies on protoplast isolation from mesophyll 
of B. oleracea [16, 21, 26]. Moreover, true leaves proved 
to be a suitable source of tissue for protoplast isolation 
from collard, a much less extensively studied variety of 
B. oleracea. The growth and development of protoplast 

Fig. 3  Effect of culture media on protoplast development and protoplast-derived callus formation based on red cabbage ‘Kalibos’. a-b Alginate 
embedded protoplasts and their viability in the first day of culture; c-e cell divisions in five-day-old cultures; f–h cell colony formation in fifteen –
day-old cultures; i-k protoplasts-derived callus overgrowing alginate layers. Scale: a-h 100 µm; i-k 5 mm
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cultures is greatly influenced by the density of viable 
protoplasts. A too low or too high density may inhibit 
cell divisions, and therefore, callus formation due to an 
unbalanced release of growth factors [18]. A density of 
2 to 5 × 105 protoplasts/ml is considered the most opti-
mal for Brassicaceae species [16, 21, 22, 35, 37, 38].

Even with the lowest yield of 0.9 × 106 cells/g FW 
from the cultivar ’Kapral’, it was still sufficient for estab-
lishing protoplast culture at the optimal density. Hence, 
the optimized protocol for tissue preparation, enzy-
matic digestion, and protoplast purification can be con-
sidered suitable for various B. oleracea varieties. The 
isolated and purified protoplasts from all seven culti-
vars displayed high viability, both on the day of isola-
tion and after five days in culture.

The  method  used  for  protoplast culture  can  signifi-
cantly  impact  cell divisions and  the  formation  of cal-
lus. Protoplasts cultured in liquid medium are prone 
to aggregation leading to an overproduction of toxic 
metabolites and formation of non-homogeneous callus 
[39, 40]. To address this issue, embedding protoplasts in a 
semi-solid medium such as agar [41], agarose [42], or cal-
cium alginate [43] has been widely practiced to provide a 
physical separation of cells in protoplast cultures across 
various plant species [44–48]. While all three protoplast 
embedding systems have been employed in Brassica 
species [24, 26, 27], the use of alginate has consistently 
enhanced cell division and plating efficiency, particularly 
in B. oleracea [16, 21–23]. To ensure both high protoplast 
viability and cell divisions, we chose low-viscosity and 

Fig. 4  Cell wall re-synthesis in protoplast cultures of B. oleracea var. viridis ‘Vates’. a the percentage of cells with no cell wall re-synthesis, partial 
cell wall re-synthesis and complete cell wall re-synthesis observed in 48th and 72nd hour of culture. Bars represent means (from CPPO1 and Bras5 
media jointly) ± SE obtained from at least three independent experiments; b stages of cell wall re-synthesis tracked by calcofluor white staining – 
blue fluorescence shows distribution of cellulose on the surface of cells. Stages arranged in order of presentation on a chart. Scale: 25 µm
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filter-sterilized alginate as a solidifying agent. Previous 
studies by Kiełkowska and Adamus [49] have emphasized 
the significant improvement in plating efficiency with 
this embedding method in three B. oleracea var. capitata 
cultivars.

Effect of cultivar and culture medium on cell division 
and microcallus formation
The composition of the culture medium is the key fac-
tor ensuring viability of protoplasts and high plating 
efficiency. The appropriate concentration of micro-, 
macronutrients and vitamins, together with a suitable 
osmotic stabilizer, is crucial for viability and vigor of 
protoplasts in the first stage of culture, when cell wall 
resynthesis occurs [18, 50]. Our research found that all 
culture media tested in this study, i.e. CPPO1, Bras4 and 
Bras5, did not negatively impact survival ratio of proto-
plasts on the 5th day of culture. It suggests that media 
compositions, particularly the osmotic pressure provided 
by a concentration of 0.3 to 0.4M glucose and mannitol/
sucrose, were well-suited for the initial stage of proto-
plast culture of B. oleracea cultivars.

Cell wall reconstruction is one of the first stages of pro-
toplast development, allowing further mitotic divisions 
and differentiation. The process of cellulose reconstruc-
tion in cabbage protoplasts is cultivar specific and non-
synchronous. At the same time, cells with incomplete cell 
wall reconstruction can be observed during culture, as 
well as cells with completely resynthesized cellulose over 
the entire cell surface. Previous studies have shown that 
in cabbage, almost 80–90% of the cells have rebuilt the 
cell wall by the seventieth hour of culture [22], which was 
also confirmed by our observations of B. oleracea var. vir-
idis culture in each tested culture medium.

Protoplasts from all seven cultivars underwent first 
divisions within the first 5 days in all tested culture 
media. Moreover, the plating efficiency increased over 
time, reaching a mean of 46% on the 5th day and 62% on 
the 15th day of culture. These results are in line with plat-
ing efficiencies reported by Pauk et al. [27] for B. camp-
estris and B. napus, as well as by Glimelius [51] for B. 
oleracea, at a similar culture stage. Interestingly, many 
studies reported much lower plating efficiencies in B. 
oleracea, ranging from 3.7% to 30% on the 5th-7th day 
of culture [21, 25, 37, 52], and from 10.9% to 33% on the 
15th day [21, 49, 52]. Our observations, consistent with 
previous studies on Brassica [21, 23, 26, 49], highlight 
the significant role of genotype on protoplast response 
to culture conditions. Specifically, protoplasts of two cul-
tivars, i.e. ‘Kapral’ and ‘Vates’, underwent divisions more 
frequently and much faster compared to other cultivars. 
Surprisingly, the frequent cell divisions of these cultivars 
did not enhance the efficiency of microcallus formation. 
This effect could be attributed to a robust production of 
reactive oxygen species and/or phenolics during exten-
sive divisions in the initial stages of protoplast cultures 
[53]. Consequently, this could result in the oxidative 
stress-related inhibition of protoplast growth and divi-
sions at later stages of culture [54].

Table 5  Effect of cultivar and culture medium on plating 
efficiency in protoplast cultures of Brassica oleracea L

a  The means represent averages of seven cultivars, n—number of independent 
protoplast isolations

Number in superscript shared by two cultivars indicate a significant (P ≤ 0.05) 
difference in plating efficiency revealed by Dunn’s multiple comparison test (see 
Additional file 1: Tab. S2)

Factor Plating efficiency (% ± SE)

n in 5-day-old cultures in 15-day-old cultures

Cultivar
  Haco 9 29.3 ± 3.6 45.1 ± 4.3 1, 4

  Kalibos 9 26.7 ± 3.9 1, 5 56.8 ± 6.6

  Casiopea 12 28.6 ± 7.2 2, 6 49.6 ± 3.9 2, 5

  Red 9 27.1 ± 2.2 3 53.7 ± 6.1

  Kapral 15 79.6 ± 1.2 1, 2, 3, 4 78.0 ± 1.4 1, 2, 3

  Scarlet 16 21.4 ± 3.7 4, 7 53.9 ± 5.0 3, 6

  Vates 29 66.3 ± 5.0 5, 6, 7 73.0 ± 3.3 4, 5, 6

Culture mediuma

  CPPO1 41 45.4 ± 4.2 64.8 ± 2.5

  Bras4 31 47.0 ± 5.6 59.5 ± 4.1

  Bras5 27 45.7 ± 6.2 60.8 ± 4.1

Total/Mean 99 46.0 ± 3.0 62.1 ± 2.0

Table 6  Effect of cultivar and culture medium on microcallus 
formation in protoplast cultures of Brassica oleracea L

a  The means represent averages of seven cultivars

Different letters in superscript shared by two cultivars/media indicate a 
significant (P ≤ 0.05) difference in microcallus formation revealed by Dunn’s 
multiple comparison test (see Additional file 1: Tab. S4)

n number of independent cultures (Petri dish)

Factor n Number of microcalli
formed per alginate layer

Cultivar
  Haco 87 42.7 ± 1.8 1, 2, 3

  Kalibos 79 51.9 ± 2.9 4, 5

  Casiopea 156 42.4 ± 0.9 6, 7, 8, 9

  Red 82 60.5 ± 2.2 1, 6, 10, 11

  Kapral 56 29.8 ± 0.8 2, 4, 7, 10, 12

  Scarlet 133 48.5 ± 1.1 8, 12, 13

  Vates 198 31.6 ± 1.4 3, 5, 9, 11, 13

Culture mediuma

  CPPO1 359 44.3 ± 1.0 1

  Bras4 209 40.1 ± 1.2 1

  Bras5 223 42.4 ± 1.4

Total/Mean 791 42.7 ± 0.7
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The composition and concentration of plant growth 
regulators (PGRs) and additional supplements in the cul-
ture medium is known to be an important factor in pro-
motion of cell divisions and microcallus formation [18, 
39]. In all of the tested culture media, 2,4-D and NAA 
were used as a source of auxins, as often recommended 
and applied in B. oleracea [16, 21, 23, 51, 55]. Similarly 
to study of Dietert et  al. [55] we observed that higher 
concentrations of PGRs, 2,4-D in particular, may have a 
slightly detrimental effect on microcallus proliferation in 
the cultivars under investigation.

Plant regeneration from protoplast cultures
The remarkable diversity of B. oleracea has been widely 
acknowledged, particularly regarding the success rate 
of in  vitro regeneration from different genotypes and 
explants within this species. Regeneration of shoots 
from protoplast cultures of cabbage is challenging due 
to the dominant influence of genotype on plant regen-
eration protocols, presenting a persistent issue [23, 49, 
56]. To date, several studies have shown successful shoot 
regeneration in various Brassica species, although shoot 

formation efficiency can vary significantly, even within 
the same species. For example, Stajič et al. [23] reported 
relatively high shoot formation efficiency of 23.5%, 
but only in one of five studied B. oleracea cultivars; the 
remaining cultivars did not regenerate. Similarly, in the 
study of Kiełkowska and Adamus [49], the shoot forma-
tion efficiency ranged from 11.4% to 41.6%, with four out 
of ten accessions failing to produce shoots. The dominant 
influence of genotype extends beyond B. oleracea as dem-
onstrated by Pauk et al. [27]. It has been reported that ten 
out of thirteen assessed B. napus cultivars successfully 
formed shoots on the regeneration medium. In our study, 
six of seven B. oleracea cultivars produced shoots on 
regeneration media, though the efficiency of shoot for-
mation was strongly influenced by both: the cultivar, and 
the regeneration medium, and varied between 0.1% and 
6.6%. We did not observe shoot induction of red cabbage 
‘Haco’. Similar to previous research on shoot regeneration 
in Brassica [22], the regeneration capacity could generally 
be associated with a well-structured, dense green callus, 
while white, loose and browning callus did not exhibit 
regeneration potential. Interestingly, ‘Haco’ produced 

Fig. 5  Plant regeneration of protoplast-derived callus and their acclimatization to ex vitro conditions: a-n protoplast-derived callus development 
and organogenesis: a callus of red cabbage ‘Kalibos’ after six weeks on regeneration medium P; b eight-week-old callus of Brussels sprout ‘Casiopea’ 
on regeneration medium P; c callus of kale ‘Scarlet’ after four weeks on regeneration medium P; d-e callus of red cabbage ‘Kalibos’ (d) ‘Haco’ (e) 
showing regions with anthocyanin rich cells; f-g callus of Brussels sprout ‘Casiopea’ (f) and ‘Red’ (g); h-i callus of kale ‘Kapral’ (h) and ‘Scarlet’ (i) 
with visible anthocyanin rich cell clusters; j-n indirect shoot organogenesis of red cabbage ‘Kalibos’ (j), Brussels sprout ‘Cassiopea’ (k) and ‘Red’ 
(l), kale ‘Kapral’ (m) and ‘Scarlet’ (n); o-q four-month-old acclimatized plants: red cabbage ‘Kalibos’, Brussels sprout ‘Casiopea’ and kale ‘Scarlet’, 
respectively. Scale: a-c 1 cm; d-n 1 mm
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a dense green, potentially able to regenerate callus. The 
composition of the regeneration medium, another key 
factor to a successful plant regeneration, did not affect 
the regeneration capacity of ‘Haco’ callus, highlighting 
the dominant role of genotype on the protoplast-to-plant 
regeneration capacity.

Typically, a higher cytokinin to auxin ratio (C/A) is 
necessary for shoot induction, although this requirement 
can vary depending on the species and/or genotype [57, 

58]. Our findings contradict this notion, as we found that 
medium P, with a C/A ratio of 1:1 had significantly, nearly 
ten-fold, higher shoot formation efficiency compared to 
medium RBras4, which had a C/A ratio of 5:1. This aligns 
with observations of Hussain et  al. [26] that high C/A 
ratios were less effective in inducing organogenesis in B. 
oleracea.

While auxins and cytokinins are widely recognized 
as the primary PGRs for plant regeneration, the role of 
other PGR’s in cell differentiation and development 
should not be underestimated. Generally, gibberellins are 
not crucial for in vitro plant cultures and are usually not 
incorporated into the regeneration media due to their 
potential to hinder the formation of shoots and roots 
[59]. However, our finding demonstrates that the addi-
tion of GA3 in low concentrations, not exceeding 0.02 mg 
l−1, can actually promote shoot formation in B. oleracea. 
This observation aligns with several previous research 
emphasizing the role of GA3 in regeneration and trans-
formation protocols of different species, also within Bras-
sicaceae family [24, 60, 61]. The choice of exogenously 
supplied carbon source significantly impacts in  vitro 
plant regeneration processes. Various studies have shown 
that different carbon sources such as glucose, sucrose 
and sorbitol play crucial roles in callus induction and 
regeneration efficiency in various plant species, including 
cotton, banana and rice [62–65]. The majority of plants 
rely on sucrose as their main carbon source since it is the 
predominant carbohydrate produced and moved through 
the phloem [66, 67]. Indeed, the majority of reported 
protocols of plant regeneration from protoplasts of B. 
oleracea use 1–3% of sucrose in regeneration media [22–
24, 26, 35, 49], rarely glucose [51], but never mannitol. 
Our results show that the regeneration medium supple-
mented with reduced sucrose (1%) coupled with man-
nitol (2%) stimulates more effective shoot regeneration 
of the studied cultivars of B. oleracea compared to the 

Table 7  Shoot regeneration from the protoplast-derived callus 
of seven cultivars of Brassica oleracea L

a  The means represent averages of six cultivars

Number in superscript shared by two cultivars/media indicate a significant 
(P ≤ 0.05) difference in shoot formation revealed by Dunn’s multiple comparison 
test (see Additional file 1: Tab. S6)

N number of independent cultures (Petri dish)

Factor n Shoot 
regeneration 
(% ± SE)

Cultivar
  Haco 85 0.0

  Kalibos 81 6.6 ± 1.9

  Casiopea 106 1.6 ± 0.7

  Red 84 0.1 ± 0.0

  Kapral 59 3.5 ± 1.1

  Scarlet 72 2.3 ± 0.8

  Vates 107 3.3 ± 1.0

Protoplast culture mediuma

  CPPO1 187 3.7 ± 0.9

  Bras4 166 2.4 ± 0.6

  Bras5 156 2.3 ± 0.7

Regeneration mediuma

  P 186 6.4 ± 1.0 1, 2

  RBras3 144 0.9 ± 0.6 1

  RBras4 179 0.7 ± 0.2 2

Table 8  Ploidy status of protoplast-derived shoots of five Brassica oleracea L. cultivars

Cultivar Regeneration medium Number of analyzed plants Ploidy (number of analyzed samples)

Kalibos P 26 2x (9), 4x (16), 2x − 4x (1)

RBras4 2 2x (1), 4x (1)

Casiopea P 33 2x (31), 4x (1), 2x − 4x (1)

Kapral P 28 2x (16), 4x (12)

RBras4 1 2x

Scarlet P 49 2x (47), 4x (1), 2x − 4x (1)

Vates P 20 2x (19), 4x (1)

RBras3 3 2x

RBras4 14 2x (13), 2x − 4x (1)

Total (%) 176 2x (79.5%), 4x (18.2), 2x-4x (2.3%)
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other two tested media supplemented with 3% sucrose. 
This contradicts the common belief that mannitol’s lim-
ited effectiveness, compared to other sugars, is attributed 
to its osmotic properties and lack of physiological activ-
ity, which hinder its ability to support developmental 
processes as an energy source [68, 69]. Figure 6 presents 
subsequent steps of the protocol for protoplast-to-plant 
regeneration of the tested B. oleracea varieties i.e. collard, 
Brussel Sprout, red cabbage and kale.

Flow cytometry analysis of regenerated plants revealed 
that the majority (79.5%) were diploid; however, tetra-
ploids and mixoploids were also identified. The type of 
regeneration medium used did not influence polyploidi-
zation. The increase in ploidy levels was more likely due 
to spontaneous fusion after isolation which explains 
occurrence of tetraploids, however other genetic fac-
tors will be responsible for the occurrence of mixoploidy. 
In  vitro-induced disruption of cytokinesis and subse-
quent fusion of daughter nuclei could cause mixoploidy 
and genome doubling during callus proliferation, leading 
to genetically unstable callus cultures. Hence the mixed 
ploidy of shoots indirectly regenerated from mitotically 
unstable callus.

Conclusions
In this study, we successfully obtained high yields of via-
ble protoplasts from seven different B. oleracea cultivars 
representing red cabbage, Brussels sprout, kale, and col-
lard. This was achieved by the use of optimized enzyme 
solution and culture media. Microcallus was formed 
from protoplasts of all cultivars, although the quantity of 
microcalli obtained was dependent on the genotype and 
culture medium used. Plant regeneration was achieved 

in six cultivars, while microcallus of red cabbage ‘Haco’ 
failed to produce shoots. Furthermore,  this  study  pre-
sents, for the first time, the complete protocol for pro-
toplast-to-plant regeneration of collard, a very valuable, 
however, less commonly cultivated variety of B. olera-
cea. With the interest  in  utilizing  collard as a source of 
recombinant antigens [70], protoplasts could serve as 
reliable source of explants for both stable and transient 
transformation, facilitating  the production of pharma-
ceutical proteins, such as B5 recombinant vaccine candi-
date against smallpox. The newly established procedure 
sets the stage for more widespread utilization of B. olera-
cea protoplasts and further  improvement of this signifi-
cant crop.
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