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Abstract
In the present study we report the development of an effective and relatively efficient protocol for protoplast-to-plant regenera-
tion of parsnip (Pastinaca sativa L.) via indirect somatic embryogenesis. The regenerative potential of three open-pollinated 
and four hybrid cultivars was assessed. The protoplast isolation efficiency after digestion of source material in an enzyme 
mixture consisted of 1% cellulase Onozuka R-10 and 0.1% pectolyase Y-23 reached on average 3.6 ×  106 of cells per g of fresh 
mass. Protoplasts embedded in an alginate matrix and cultured in parsnip protoplast culture medium with phytosulfokine-α 
and putrescine reconstructed their cell wall and re-entered mitotic divisions. After the release from alginate, microcallus 
proliferated continuously on Gamborg B5 medium with vitamins supplemented with 100 nM of phytosulfokine-α. Indirect 
somatic embryogenesis occurred during the callus culture of cultivar ‘Półdługi biały’. The regenerated and acclimatized 
plants were morphologically similar to their donors and displayed no variation in the ploidy level.

Key message 
The main objective of this study was to develop the protoplast-to-plant regeneration protocol for parsnip that could be 
exploited as a platform for production of somatic hybrids via protoplast fusion.

Keywords Parsnip · Phytosulfokine-α · Protoplast-to-plant regeneration · Putrescine

Abbreviations
2,4-D  2,4-Dichlorophenoxyacetic acid
CPC  Coriander protoplast culture medium
FDA  Fluorescein diacetate
FPC  Fennel protoplast culture medium
PEM  Proembryogenic mass
PSK  Phytosulfokine-α
Pu  Putrescine
SE  Somatic embryogenesis

Introduction

Plants have a remarkable regeneration potential, which 
ensures their adaptational success, as they have to cope with 
the damage caused by both abiotic and biotic environmental 
conditions. This regeneration potential has attracted scien-
tific interest initially focused on the plant response to wound-
ing and formation of proliferating cell masses (Sugiyama 
2015). It was soon discovered that phytohormones are essen-
tial for in vitro plant cell proliferation, and with the appropri-
ate auxin to cytokinin ratio regeneration of both shoot and 
root was possible (Skoog and Miller 1957). Certain somatic 
cells might gain pluripotency or even totipotency under spe-
cific conditions. This might lead to the formation of embryo-
like structures, as described for carrot phloem suspension 
cultures (Steward 1958; Schmidt et al. 1997) tracked back 
somatic embryo formation to small cell clusters or even 
single cells producing proembryogenic mass (PEM) - an 
intermediate step toward somatic embryogenesis (SE). SE 
proved to be an interesting process for both basic and applied 
studies. Due to a considerable similarity to zygotic embryo-
genesis, SE has been extensively studied in order to describe 
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morphophysiological, biochemical and molecular events 
occurring in the course of embryogenesis in Angiosperms 
and Gymnosperms (Tautorus et al. 1991; Zimmerman 1993; 
Dodeman et al. 1997; Quiroz-Figueroa et al. 2006). SE has 
also become an essential tool in plant biotechnology - not 
only is it a novel system for crop improvement that might aid 
conventional agricultural methods, but also might be used 
as an alternative to traditional mass propagation protocols 
(Kumar and van Staden 2017). Embryogenic tissue has the 
potential to produce embryos without genetic alternation for 
an extended period of time, as described for mango, banana 
or coriander (Ganapathi et al. 2001; Ara et al. 2004; Murthy 
et al. 2008). This feature shows prospects for a long-term 
preservation of plant genetic resources and production of 
artificial seeds (Rai et al. 2010; Rihan et al. 2017).

Protoplasts serve as a unique tool for a range of proce-
dures focused on overcoming naturally occurring sexual 
incompatibility barriers and the efficient genetic transfor-
mation of plant cells. Related genera of cultivated crops pos-
sess large reservoirs of genes having various agronomically 
important traits such as increased resistance to abiotic and 
biotic stress, cytoplasmic male sterility (CMS) or phenotypic 
traits resulting in crop quality improvement (Sherraf et al. 
1994; Cheng et al. 1995; Yu et al. 2013; Guo et al. 2013). 
Exploitation of protoplast technology coupled with their 
symmetrical or asymmetrical fusion can effectively contrib-
ute to the generation of novel germplasm for elite breeding 
of conventional crosses and promote crop improvement in 
existing cultivars (Carlson et al. 1972; Wang et al. 2013). 
The efficiency of protoplast-to-plant regeneration might be 
impacted by somaclonal variation occurring in in vitro cul-
tures (Larkin and Scowgraft 1981). Undifferentiated cells, 
with protoplasts and protoplast-derived callus among them, 
are particularly prone to genetic changes triggered by unfa-
vourable physicochemical conditions (Krishna et al. 2016). 
Somaclonal variation might result in ploidy changes, as 
a result of endoreduplication in callus cells (Ochatt et al. 
2000) or lead to genetic variation attributed to single/multi-
ple base substitution or indels, chromosome rearrangements 
or changes in the status of DNA methylation (Krishna et al. 
2016). In commercial crop production based on micropro-
pagation, somaclonal variation is generally considered as 
undesirable as it might lead to abnormal morphology less 
vigour or delayed flowering (Winkelmann et al. 2008). On 
the other hand, genetic variability obtained through pro-
toplast regeneration might prove beneficial in enhancing 
resistance to both abiotic and biotic stress, as described for 
carrot (Grzebelus et al. 2013; Kiełkowska et al. 2019). None-
theless, the implementation of protoplast fusion requires a 
well-established tissue culture system, including protoplast 
isolation, plant regeneration via SE or organogenesis and 
acclimatization to greenhouse or field conditions. It has to 
be tailored to the species of interest.

Parsnip (Pastinaca sativa L.) is a monocarpic perennial 
species typically grown as a biennial crop. It produces thick 
white-to-yellow, funnel-shaped taproot rich in fiber, calcium 
and manganese (Chappell and Dunford 2021). Wild parsnip 
most probably originated in the Caucasus Mountains – a 
centre for diversity of Pastinaca genus. It is thought to have 
spread throughout the world as a result of its domestica-
tion (Rubatzky et al. 1999). In some regions wild parsnip 
is considered an invasive species due to its ability to adapt 
to variable environmental conditions (Averill and DiTo-
mmaso 2007). Although this member of Apiaceae family 
has been grown for human consumption for centuries, it is 
still considered as a niche crop. Today parsnip is gaining 
popularity, mostly due to the increased product variety on 
the European market. The discovery of cytoplasmic male 
sterility in wild parsnip populations, coupled with its intro-
duction into cultivated populations, facilitated the produc-
tion of F1 hybrids. Hybrids represent the majority of seeds 
available on the market but older cultivars are mostly open-
pollinated. Nowadays, the majority of genetic improvements, 
such as an increase of total yield or introgression of pest/
disease resistance, are obtained through hybridization of 
germplasm with desirable phenotypic traits (Chappell and 
Dunford 2021). The availability of public resources from 
which genetic diversity could be exploited in parsnip breed-
ing is quite limited. Currently there are also no reports of 
in vitro germplasm conservation of parsnip. Moreover, no 
work focused on somatic hybridization of Pastinaca sativa 
has been published to date.

In the present study, we investigated protoplast isolation 
efficiency and regeneration ability in a set of seven open-
pollinated and hybrid cultivars of parsnip. We aimed at the 
development of an effective and relatively efficient protocol 
for the regeneration of plants, exploiting the advantages of 
somatic embryogenesis. Considering the growing economic 
importance of cultivated parsnip, the developed protoplast-
to-plant re-generation protocol might aid traditional breed-
ing programs. It is also a crucial premise for further attempts 
at protoplast fusion. It could be exploited as a tool for broad-
ening available germplasm collections and for the transfer of 
cytoplasmic male sterility into other male-fertile Apiaceae 
species.

Materials and methods

Material sources and culture conditions

Seven parsnip accessions were used as a source of proto-
plasts, including three open-pollinated and four hybrid culti-
vars Selected cultivars were characterised by a considerable 
variability within the most important agronomical traits such 
as earliness, length and shape of the storage root, yield or 
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canker resistance (Table 1). Protoplasts were isolated from 
in vitro grown plants produced from surface sterilized seeds. 
Seeds were sterilized as follows: first, seeds were incubated 
in a water bath at 40 °C for 30 min, then transferred to 0.2% 
(v/v) solution of fungicide Gwarant (active compound: 
chlorothalonil; UPL, PL) and placed on a gyratory shaker 
(180 rpm) for 30 min. Finally, the seeds were immersed 
in 20% (w/v) solution of chloramin T (Chempur, PL) for 
30 min. After each step, the seeds were rinsed in 70% etha-
nol for 30–60 s. After three washes with sterile water for 
5 min each, the seeds were air-dried on a sterile filter paper. 
Dry seeds were transferred onto a 9 cm Petri dish with solid 
germination medium (MS30; Table 2). Cultures were kept 
in the dark, a 24-hour cycle comprised of a 16-hour incuba-
tion at 20 °C and an 8-hourincubation at 30 °C. After 21 
days seedlings were transferred into jars with fresh MS30 
medium and incubated at 24 ± 2 ºC with a 16/8 h (light/dark) 
photoperiod (a light intensity of 55 µmol  m–2  s–1; fluorescent 
lamps Sylvania Gro-lux T8, USA).

Protoplast isolation and culture

Protoplasts of parsnip accessions were isolated from 
expanded leaves with petioles of 2-week-old in  vitro 
grown plants. Tissue (approximately 1 g) was placed on a 
90 × 15 mm Petri dish with 8 ml of PSII solution (Table 2) 
and immediately cut into fine pieces and then incubated 1 h 
in the dark at 26 ± 2 °C for cell plasmolysis. Then the man-
nitol solution was replaced by an enzyme solution (Table 2). 
Tissue was digested on a gyratory shaker (28 rpm; Rota-
max 120 Heidolph Instruments, DE) for 14–16 h, in the 
dark at 26 ± 2 °C. The released protoplasts were separated 
from undigested tissue by filtration through a 100 μm nylon 
sieve (Merck Millipore) and centrifuged at 100 g for 5 min 
(MPW-223e, MPW Med Instruments, PL; rotor type: MPW 
no 12,485). The pellet was resuspended in 8 ml of sucrose/
MES buffer (Table 2), very slowly overlaid with 2 ml of W5 
salt solution (Table 2), and centrifuged at 145 g for 10 min. 
Viable protoplasts localized at the interface between two 

solutions of different concentrations as a green band were 
transferred into a fresh tube and washed twice by centrifu-
gation at 100 g for 5 min in one of the filter-sterilized pro-
toplast culture media: coriander protoplast culture medium 
(CPC), fennel protoplast culture medium (FPC) or pars-
nip protoplast culture medium (PPC6; Table 2). CPC and 
FPC media were adapted from Ali et al. (2018b; Miura and 
Tabata (1986), respectively, with some modifications. PPC6 
medium was developed on the basis of carrot protoplast 
culture medium (Grzebelus et al. 2012a), with some modi-
fications. After the purification step, protoplast yield was 
determined by cell counting, using Fuchs Rosenthal hemo-
cytometer chamber. The working density of protoplasts was 
adjusted to 8 ×  105 protoplasts per ml.

Equal volumes of protoplast suspension in either CPC, 
FCP or PPC6 medium and sodium alginate solution 
(Table 2) were mixed carefully. Aliquots (app. 400 µl) of 
protoplasts/alginate mixture were spread onto Ca-agar 
medium (Table 2) in 60 × 15 mm Petri dishes and one thin 
alginate layer per dish was formed as described by Grzebelus 
et al. (2012a). After a one-hour incubation at room tem-
perature, solidification of the alginate matrix with embedded 
protoplasts occurred. Solid thin alginate layers with immobi-
lized protoplasts were gently transferred to 60 × 15 mm Petri 
dishes containing 4 ml of CPC, FCP or PPC6 medium (one 
alginate layer per one Petri dish). Additionally, two vari-
ants of PPC6 medium were used: PPC6 supplemented with 
100 nM phytosulfokine-α (PSK; PeptaNova GmbH, DE) 
and PPC6 supplemented with 100 nM PSK and 8 mg  ml−1 
putrescine (Pu; Duchefa Biochemie). In order to maintain 
aseptic conditions of the cultures, 400 mg  ml−1 cefotaxime 
(Polfa Tarchomin SA, PL) was added to all media. Cultures 
were incubated at 26 ± 2 °C in the dark. Culture medium 
with all supplements was renewed after 10 days of culture.

Plant regeneration

After about 8 weeks of protoplast culture, visible protoplast-
derived callus microcolonies were separated from alginate 

Table 1  Name, seed source and main characteristics of cultivars used for protoplast cultures

OP open-pollinated

Cultivar Seed source Cultivar characteristics

Countess F1 Kings Seeds & Suffolk Herbs, UK high yield, uniform in shape, high disease tolerance
Gladiator F1 Tozer Seeds Ltd., UK high yield, long root, shallow crown, sweet flavour, 

canker resistance
Sabre F1 Kings Seeds & Suffolk Herbs, UK early maturing, very long root, the whitest skin
Victor F1 Kings Seeds & Suffolk Herbs, UK early maturing, very long root, smooth skin
GuernseyOP Toraf Seed Company, PL medium long root, broad shoulders, very sweet flavour
KamoOP WegAna, PL medium long root, smooth skin, canker resistance
Półdługi białyOP W. Legutko Seed Company, PL late maturing, yellowish skin, aromatic flavour
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Table 2  Solutions and media used for the protoplast isolation and culture, callus culture and plant regeneration of parsnip

Solution/
medium name

Solution/
medium composition

Application Storage conditions

MS30 MS micro- and macroelements includ-
ing vitamins (Murashige and Skoog 
1962); Duchefa Biochemie, Neth-
erlands); 30 g  l− 1 sucrose (POCH, 
PL), 6.5 g  l− 1 of agar (Biocorp, 
Poland); pH 5.8; autoclaved

Seed germination and donor plant 
growth

RT

PSII 0.5 M mannitol (Sigma - Merck, 
Germany); pH 5.6; autoclaved

Plasmolysis RT

Enzyme solution (ES IV) 1% (w/v) cellulase Onozuka R-10 
(Duchefa Biochemie), 0.1% (w/v) 
pectolyase Y-23 (Duchefa Bioche-
mie), 20 mM 2-(N-morpholino) 
ethanesulfonic acid (MES; Sigma 
- Merck), 5 mM calcium chloride 
(POCH, Poland), 0.6 M mannitol 
(Sigma - Merck); pH 5.6; filtered 
(0.22 μm membrane)

Cell wall digestion 4 °C, dark

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

Protoplast separation and purification RT

W5 2 mM MES (Sigma - Merck), 154 
mM sodium chloride, 125 mM 
calcium chloride, 5 mM potassium 
chloride, 5 mM glucose (POCH); 
pH 5.7 (Menczel et al. 1981); 
autoclaved

Protoplast purification RT

PPC6 macro- and microelements, and 
organic acids according to Kao 
and Michayluk (Kao and Michay-
luk 1975) (Duchefa Biochemie), 
vitamins according to Gamborg 
B5 medium (Gamborg et al. 1968), 
0.6 M glucose (POCH), 250 mg 
 l− 1 casein enzymatic hydrolysate 
(Sigma - Merck), 0.3 mg  l− 1 
2,4-dichlorophenoxyacetic acid 
(2,4-D; Sigma - Merck), and 0.2 mg 
 l− 1 zeatin (Sigma - Merck); pH 5.6; 
filtered (0.22 μm membrane)

Protoplast culture 4 °C, dark

CPC MS micro- and macroelements includ-
ing vitamins (Murashige and Skoog 
1962) (Duchefa Biochemie), organic 
acids according to Kao and Micha-
lyuk (Kao and Michayluk 1975), 
250 mg  l− 1 casein enzymatic hydro-
lysate (Sigma - Merck), 0.5 mg  l− 1 
2,4-dichlorophenoxyacetic acid (2,4-
D; Sigma - Merck), 0.4 M glucose 
(POCH), 2.5 g  l− 1 phytagel (Sigma 
- Merck); pH 5.7; filtered (0.22 μm 
membrane)

Protoplast culture 4 °C, dark
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layers by incubation in 8 ml of sodium citrate solution 
(Table 2) for 30 min to one hour. The alginate residues and 

citrate solution were removed by centrifugation (5 min at 
100 g) and the pellet was carefully washed in the CPPD 

Table 2  (continued)

Solution/
medium name

Solution/
medium composition

Application Storage conditions

FPC LS micro- and macroelements (Lins-
maier and Skoog 1965) (Duchefa 
Biochemie), organic acids accord-
ing to Kao and Michalyuk (Kao 
and Michayluk 1975), 1.0 mg  l− 1 
pyridoxine HCl, 1.0 mg  l− 1 nicotinic 
acid, 250 mg  l− 1 casein enzymatic 
hydrolysate (Sigma - Merck), 
0.22 mg  l− 1 2,4-dichlorophenoxy-
acetic acid (2,4-D; Sigma - Merck), 
0.215 mg  l− 1 kinetin (Sigma - 
Merck), 0.4 M glucose (POCH); pH 
5.8; filtered (0.22 μm membrane)

Protoplast culture 4 °C, dark

Sodium alginate solution 0.4 M mannitol (Sigma - Merck), 
2.8% (w/v) alginic acid sodium salt 
(Sigma - Merck); pH 5.8; filtered 
(0.22 μm membrane)

Protoplast embbeding RT

Ca-agar medium 20 mM calcium chloride (POCH), 
0.4 M mannitol (Sigma - Merck), 
1% (w/v) agar (Biocorp); pH 5.8; 
autoclaved

Alginate gellation RT

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

Callus microcolonies release RT

CPPD macro- and microelements, and 
organic acids according to Kao 
and Michayluk (Kao and Michay-
luk 1975) (Duchefa Biochemie), 
vitamins according to Gamborg 
B5 medium (Gamborg et al. 1968), 
30 g  l− 1 sucrose (POCH), 30 g  l− 1 
mannitol (Sigma - Merck), 250 mg 
 l− 1 casein enzymatic hydrolysate 
(Sigma - Merck), 0.1 mg  l− 1 NAA, 
0.2 mg  l− 1 zeatin* (Sigma – Merck); 
pH 5.6; autoclaved

Purification of microcolonies 4 °C, dark, *zeatin added after 
sterilization

BI + PSK medium Gamborg B5 micro- and macroe-
lments with vitamins (Gamborg 
et al. 1968), 1.0 mg  l− 1 2,4-D 
(Sigma - Merck), 0.0215 mg  l− 1 
kinetin (Sigma - Merck), 100 nM 
PSK (PeptaNova)*, 30 g  l− 1 sucrose 
(POCH) and 2.4 g  l− 1 phytagel 
(Sigma - Merck); pH 5.8; autoclaved

Callus culture and PEM formation RT, *PSK added to a lukewarm 
medium

Regeneration medium (R) MS micro- and macroelements 
(Murashige and Skoog 1962) (Duch-
efa Biochemie), 0.1 mg  l− 1 thiamine 
HCl, 0.1 mg  l− 1 piridoxine HCl, 
0.5 mg  l− 1 nicotinic acid, 3.0 mg  l− 1 
glycine, 100 mg  l− 1 myo-inositol, 
20 g  l− 1 sucrose (POCH), 2.5 g  l− 1 
phytagel (Sigma - Merck); pH 5.8; 
autoclaved

Plant regeneration RT

RT room temperature, PEM proembryogenic mass, PSK phytosulfokine-α
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medium (Dirks et al. 1996; Table 2). Colonies derived from 
one alginate layer were resuspended in 4 ml of the CPPD 
medium and plated in 2 ml aliquots on filter paper placed in 
90 × 15 mm Petri dish with the BI + PSK medium (Table 2). 
Cultures were maintained in the dark at 26 ± 2 °C and sub-
cultured on the fresh BI + PSK medium every 30 days until 
the formation of proembryogenic mass (PEM) and the devel-
opment of somatic embryos. Developing embryos were 
transferred into plastic jars with the R medium (Table 2) 
and incubated for 8 weeks at 24 ± 2 °C and 16 h photoper-
iod (a light intensity of 55 µmol  m–2  s–1; fluorescent lamps 
Sylvania Gro-lux T8, USA), with one transfer onto fresh R 
medium after 4 weeks of culture. Regenerated plants were 
transferred to peat substrate at 20 °C and kept in the SANYO 
MLR-352 H climatic chambers (Sanyo Electric Biomedical 
Co. Ltd., JP) at 90% humidity for 2 weeks and then 70% for 
the next 2–3 weeks. Then they were transferred into 16 cm 
pots filled with universal potting soil (Hartmann, PL) and 
grown under normal greenhouse conditions (18–26 °C, 16/8 
photoperiod, light intensity of 40 µmol  m−2  s−1 - sodium 
lamps Lucalox LU600W/PSL, HU, optimally irrigated and 
fertilized). The ploidy level of regenerants was determined 
by flow cytometry, as described by Kiełkowska and Adamus 
(2010), using leaf samples from greenhouse-grown plants. 
The nuclear suspensions were measured for the relative 
nuclear DNA content using Partec CyFlow Ploidy Analyser 
(Sysmex,JP). Leaves of diploid (2n = 2x = 18) plants of pars-
nip were used as a reference standard.

Data collection and statistical analysis

Isolation yield was determined using a hemocytometer 
(Heinz Herenz, DE) and presented as the number of proto-
plasts per gram of fresh mass (FM). The viability of proto-
plasts was estimated by staining with fluorescein diacetate 
(FDA) one hour after immobilization in alginate matrix, and 
expressed as a percentage of protoplasts with green fluores-
cence out of total observed cells. The protocol for proto-
plast staining was as follows: 15 µl of 0.3% filter-sterilized 
FDA-acetone stock solution was dissolved in 1 ml of PPC6 
medium to prepare FDA working solution. 100 µl of that 
solution was added to the culture of immobilized protoplasts. 
Plating efficiency, expressed as a percentage of the num-
ber of cell colonies per total number of observed objects 
(i.e. cell aggregates and undivided cells), was assessed 
in the 20-day-old cultures. All microscopic observations 
were performed under an inverted Leica DMi8 microscope 
(Leica Microsystems, Germany) with suitable filter set for 
visualization of fluorescein fluorescence (λEx = 460–500 nm, 
λEm = 512–542 nm).

The regeneration potential of PEM was then estimated as 
the ratio of developed somatic embryos to fully regenerated, 
morphologically intact plants produced after 8 weeks of 

culture on R medium. The rate of successful acclimatization 
of regenerated plants to ex vitro conditions was estimated 6 
weeks after the transfer to the greenhouse.

As repetitions, three to six independent protoplast isola-
tion experiments were carried out. Each single treatment was 
represented by three Petri dishes. Microscopic observations 
were performed on 300–400 cells per Petri dish. The overall 
effect of treatments was determined using multivariate anal-
ysis of variance (ANOVA) in Statistica ver. 13.0 (StatSoft. 
Inc.) at p ≤ 0.05. Tukey HSD post-hoc test for an unequal 
sample size was used for the separation of means.

Results

Yield and viability of isolated protoplasts

The leaves from in vitro grown plantlets (Fig. 1a) of all 
cultivars were an effective source of tissue for protoplast 
isolation, releasing on average 3.6 ± 0.3 ×  106 cells per g of 
FM (Figs. 1b and 2a). The mean protoplast yield for ‘Gladi-
ator F1’ was approximately twice as high (5.1 ± 1.4) as the 
yield obtained for the least efficient accession ‘Victor F1’ 
(2.3 ± 0.8). The quality of alginate embedded protoplasts, 
determined by staining with FDA, was high regardless of 
accession and varied from 67.0 ± 1.6 for ‘Gladiator F1’ to 
89.5 ± 1.0 for ‘Countess F1’ (Fig. 2b). The viable proto-
plasts were round in structure with no tendency to shrink-
ing (Fig. 1c, d).

Formation of multicellular aggregates on different 
culture media

Alginate embedded protoplasts derived from seven acces-
sions were cultured in a liquid CPC, FPC and PPC6 medium 
supplemented with PSK and PSK in combination with Pu. 
Cultures in CPC medium, FPC medium and PPC6 medium 
with no PSK and Pu supplementation were treated as a 
control. During first 20 days of culture no mitotic activity 
was observed in the CPC and FPC cultures, either with or 
without the PSK and Pu supplementation and in the control 
(Fig. 2c). Observed protoplasts were severely damaged, with 
disrupted cell wall integrity and progressing plasmolysis 
(Fig. 1e). After 6 days of culture the first mitotic divisions 
were observed in PPC6 medium supplemented with both 
PSK and PSK + Pu (Fig. 1f), whereas no mitotic activity 
was observed until the 12th day of culture in PPC6 control 
cultures. The mean plating efficiency (i.e. number of cell 
aggregates forming) assessed in the 20th day of protoplast 
culture varied significantly between the analysed acces-
sions (from 7.0 ± 1.5% for ‘Countess F1’ to 23.9 ± 2.6% for 
‘Półdługi biały’; Table 3). The exogenously applied PSK 
and PSK + Pu had a beneficial effect on the division rate 
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of the protoplast-derived parsnip cells that resulted in the 
formation of large multicell aggregates (Fig. 1g, h). On the 
20th day of culture only 6.2 ± 0.9% of cells cultured on the 
control PPC6 medium underwent division and formed mul-
ticell aggregates. The number of cells forming aggregates 
observed in PSK and PSK + Pu supplemented media was 2.5 

to 3-fold higher (p < 0.01) in comparison with the control 
(16.8 ± 1.9% and 19.1 ± 2.0%, respectively, Table 4). No sig-
nificant differences in the stimulation of cell division were 
observed between PPC6 cultures supplemented with PSK 
and PSK combined with Pu (Table 3). The beneficial effect 
of exogenously applied PSK on cell divisions was universal 

Fig. 1  Protoplast-to-plant regeneration of parsnip. a Twenty-one day-
old seed-derived donor plant for protoplast isolation; b mesophyll-
derived protoplasts; c fluorescein diacetate (FDA) stained protoplast 
one hour after alginate embedding; d apple-green fluorescence of 
viable protoplast after FDA staining; e plasmolysis of protoplast in 
a 10-day-old culture in the CPC medium; f first mitotic division of 
protoplast-derived cell in the PPC6 medium; g, h multicellular pro-
toplast-derived aggregates; i alginate layer fully overgrown with cal-

lus; j non-embryogenic callus proliferating on BI + PSK medium; k 
proembryogenic mass developed in the fourth month of callus cul-
ture on BI + PSK medium, l protoplast-derived proembryogenic mass 
with globular somatic embryos; m cotyledonary somatic embryo; n 
complex of protoplast-derived somatic embryos at different stages of 
development; o protoplast-derived plant ready for ex vitro acclimati-
zation. Scale bars: 50 μm (b–h), 1 mm (k–m), 1 cm (a, i–j, o)
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Fig. 2  Effect of the applied 
protocol of protoplast isolation, 
purification and culture on the 
yield, quality and plating effi-
ciency in parsnip protoplast cul-
tures. a The yield of protoplast 
isolations per 1 g of fresh mass 
(n = 3–6); b protoplast viability 
1 h after isolation (n = 3–6); c 
the effect of the culture medium 
on plating efficiency in the 
20-day-old cultures (n = 3); 
d the effect of PPC6 medium 
supplementation on plating 
efficiency in the 20-day-
old cultures (n = 3–6); CPC 
coriander protoplast culture 
medium, FCP  fennel protoplast 
culture medium, PPC6 parsnip 
protoplast culture medium, PSK  
phytosulfokine (100 nM); Pu 
– putrescine (8 mg  ml-1). Bars 
represent standard error. Means 
denoted with different letters 
were significantly different ( 
p ≤ 0.05)
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and accession-independent, i.e., protoplast cultures of each 
cultivar showed a significant increase in the plating effi-
ciency in PPC6 medium supplemented with both PSK and 
PSK + Pu (Fig. 2d).

Plant regeneration

Protoplast-derived callus (Fig. 1i) released from the algi-
nate matrix proliferated continuously on BI + PSK medium 
(Fig. 1j). Callus transferred onto BI PSK-free medium did 
not proliferate and showed signs of ageing, i.e., it turned 
brown and dried up. Development of proembryogenic mass 
was observed only for ‘Półdługi biały’ callus derived from 
protoplasts cultured in PPC6 medium supplemented with 
PSK, after four months of culture on BI + PSK medium in 
the dark (Fig. 1k). The embryos originated at the upper sur-
face of the callus and were non-synchronous in development 

(Fig. 1l–n). The regeneration potential of PEM (the ratio of 
developed embryos to regenerated plants) was calculated 
at 6.7%.

In total, 82 properly developed plants, i.e. producing 
10–15 true leaves and 4–5 primary roots with no apparent 
phenotypic alterations, ready for ex vitro acclimatization, 
were obtained (Fig. 1o). Fifty-seven plants (~ 70%) were 
successfully acclimatised to the greenhouse conditions. All 
of the analysed plants retained the ploidy of donor plants 
(2n = 22; Table 4). The whole protocol of protoplast-to-plant 
regeneration of parsnip took approximately 8–10 months 
to obtain plants that grew naturally in outdoor conditions.

Discussion

In this study, we developed an efficient protoplast isola-
tion and culture method for several parsnip cultivars, along 
with the protocol for protoplast-to-plant regeneration via 
somatic embryogenesis for ‘Półdługi biały’ cultivar. To the 
best of our knowledge, this is the first ever observation of 
plant regeneration in Pastinaca sativa from protoplasts via 
somatic embryogenesis. The primary aim of this study was 
to establish a suitable protocol of protoplast isolation that 
can be used in somatic hybridization program in the future.

The efficiency of protoplast isolation and plant regen-
eration depends on several factors, including the genotype, 
source of donor tissue, culture system, and medium com-
position (Reed and Bargmann 2021). We used leaves and 
petioles of in vitro grown plants as a source of protoplasts, 
similarly to other studies carried out on the species of the 
Apiaceae family (Grzebelus et al. 2012a; Maćkowska et al. 
2014; Kiełkowska et al. 2019). The use of such a tissue 
source for protoplast isolation, instead of often utilized sus-
pension cultures (Cai and Kang 2014; Hu et al. 2015; Ali 
et al. 2018b), has certain advantages. Firstly, the long-term 
cell suspension cultures are prone to somaclonal variation 
that could possibly impact the regenerative ability of isolated 
protoplasts, as described in oil palm (Masani et al. 2013). 
Moreover, in commercial crop production, somaclonal vari-
ation is regarded as an undesirable phenomenon that might 
impact the transfer of agronomically important traits during 
the fusion of protoplasts. The use of cell suspensions might 
also pose some inconvenience due to higher maintenance 
requirements and costs when compared to in vitro seed 
germination and seedling culture. On the other hand, when 

Table 3  Influence of the cultivar and the PPC6 medium supplemen-
tation on the plating  efficiencya in the 20-day-old parsnip protoplast 
cultures

SE standard error, n number of independent protoplast isolations, 
PPC6 parsnip protoplast culture medium, PSK phytosulfokine (100 
nM), Pu putrescine (8 mg  ml-1)
In each section of the table means with the same letters were not sig-
nificantly different at p ≤ 0.05
a Number of cell aggregates forming
b The means represent averages of all PPC6 medium supplementation 
variants
c The means represent averages of seven accessions

Treatment n Plating 
 efficiencya (% 
± SE)

Cultivarb 
 Countess F1 9 7.0 ± 1.5 c
 Gladiator F1 9 16.3 ± 3.0 b
 Sabre F1 9 10.8 ± 2.4 bc
 Victor F1 9 7.4 ± 2.7 c
 Guernsey 9 10.8 ± 1.4 bc
 Kamo 12 12.7 ± 1.9 bc
 Półdługi biały 18 23.9 ± 2.6 a

Medium  supplementationc

 PPC6 (control) 25 6.2 ± 0.9 a
 PPC6 + PSK 25 16.8 ± 1.9 b
 PPC6 + PSK + Pu 25 19.1 ± 2.0 b

Table 4  Regeneration and acclimatization efficiency of parsnip, ploidy status of plants regenerated from callus, cultured for four months

Cultivar Age of callus culture (months) Somatic
embryos (no.)

Number of plants

Abnormal Normal Acclimatized With ploidy changes 

Półdługi biały 4 1232 1082 82 57 0
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the regenerative ability of protoplasts derived from somatic 
tissues is very low and limits further implementations, as 
in grapevine, the use of embryogenic callus can potentially 
improve regeneration success (Bertini et al. 2019).

Appropriate enzyme treatment and incubation time are 
crucial for obtaining viable protoplasts when working on 
diverse tissues of different plant species (Chamani et al. 
2012). The 14–16 h incubation of tissue in the mixture 
of cell-wall degradation enzymes, 0.1% pectolyase and 
1% cellulase, have made it possible to isolate protoplasts 
in satisfactory numbers, comparable or higher to those 
obtained in other studies carried out on species belonging 
to Apiaceae family, i.e., carrot, coriander, fennel or parsley 
(Dudits et al. 1980; Miura and Tabata 1986; Grzebelus et al. 
2012a; Maćkowska et al. 2014; Mujib et al. 2014; Ali et al. 
2018a; Kiełkowska et al. 2019). When large populations of 
protoplasts are required, e.g. for fusion,  105 to  107 viable 
cells should be released from 1 g of fresh mass (Davey 
et al. 2010). Even though the protoplast yield obtained in 
this study did not exceed  107 and was clearly shaped by the 
genotype, it was sufficient to perform further implementa-
tions such as plant regeneration. The viability of protoplasts 
released from the studied accessions was high (on average 
77%) and proved that the used protocol of isolation was suit-
able for obtaining large quantities of high-quality material 
for further culture.

The osmotic conditions of the solutions and media in 
protoplast-based culture systems are critically important. 
Several osmotic compounds such as mannitol, glucose, or 
sucrose are frequently added to the solutions and media used 
for protoplast isolation and culture (Reed and Bargmann 
2021). In the presented protocol of isolation, mannitol was 
used in concentrations described by Grzebelus et al.(2012) 
as optimal for the isolation of protoplasts from carrot. How-
ever, due to very low viability of protoplasts, the osmotic 
pressure of the culture medium was considerably increased 
by the addition of 0.6 M of glucose (compared to 0.4 M 
for carrot protoplast culture medium), as the major osmotic 
regulator. This change provided suitable conditions for the 
re-formation of the cell wall and first mitotic divisions in the 
protoplast cultures of parsnip.

The applied concentrations of plant growth regulators in 
the liquid culture medium promoted divisions of embed-
ded protoplasts within the first 6 days of culture. Davey 
et al. (2010) concluded that cell wall synthesis and mitotic 
divisions in early phases of protoplast culture are crucial 
in the successful development of plant regeneration sys-
tems. Protoplasts of ‘Półdługi biały’ and ‘Gladiator F1’ 
were characterized by the highest frequency of divisions 
and therefore produced more microcallus colonies during 
the culture. Medium supplementation with a plant peptide 
phytosulfokine-α, a signal molecule involved in many devel-
opment processes, including cell-to-cell communication 

(Matsubayashi 2013), cell growth and expansion (Kutsch-
mar et al. 2009) and adventitious root formation (Yamakawa 
et al. 1998), greatly improved the rate of cell divisions in 
parsnip protoplast cultures. The protoplast-derived cells of 
all tested accessions divided more frequently in the presence 
of 2,4-D and zeatin coupled with PSK than it the control 
medium containing both hormones but no PSK. A similar 
effect was observed for several species such as asparagus, 
beet, cabbage, carrot and rice (Matsubayashi and Sakagami 
1996; Matsubayashi et al. 1997; Grzebelus et al. 2012a, b; 
Kiełkowska and Adamus 2017). Our study shows that both 
undertaking of mitotic divisions by protoplast-derived cells 
and proliferation of callus might be dependent on the pres-
ence of exogenous PSK in the culture medium. The oxida-
tive stress generated during protoplast isolation, purification 
and subsequent culture might prevent cells from exhibit-
ing further differentiation, leading to organogenesis and/
or somatic embryogenesis (Watanabe et al. 2002). It was 
postulated that the addition of supplements such as silver 
nitrate, polyvinylpyrrolidone, activated charcoal or amino 
acids might aid protoplast divisions and the formation of 
microcallus (Reed and Bargmann 2021). Among these 
supplements, polyamines (PAs), low-molecular aliphatic 
amines, are proved to have a promotive effect on cell divi-
sions and the formation of somatic embryos in many species, 
e.g., carrot, grapevine, ginseng and sweet orange (Fienberg 
et al. 1984; Faure et al. 1991; Kevers et al. 2000; Wu et al. 
2009). To assess the influence of PAs on the stimulation of 
mitotic divisions and possible formation of somatic embryos 
in parsnip, protoplast culture medium (PPC6 + PSK) was 
supplemented with putrescine (Pu) – a common PA present 
in plants. Although the mean increase in plating efficiency 
of approximately 2% was observed for all accessions, the 
differences were not significant enough to implement Pu in 
the protoplast culture protocol.

The continuous presence of PSK might be a prerequi-
site for the development of proembryogenic callus in vari-
ous species. It was reported that PSK promoted somatic 
embryogenesis in cell suspension cultures of Japanese cedar 
and carrot (Hanai et al. 2000; Igasaki et al. 2003). In faba 
bean, PSK induced SE, however, no embryos converted into 
plants. Plant formation from somatic embryos was observed 
in exogenous PSK enriched pea callus cultures (Ochatt et al. 
2018). In parsnip, we observed highly genotype-dependent 
effect of PSK efficacy in fostering development of proem-
bryogenic callus, whereas the presence of exogenous PSK 
was essential for the induction and maintenance of divisions 
of protoplast-derived cells in all the studied accessions. 
Moreover, no promoting effect of Pu on the formation of 
somatic embryos was observed, as all the regenerated plants 
originated from embryos developed from the callus cultured 
on the medium supplemented only with PSK. The limited 
regeneration potential observed in protoplast-derived callus 
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of parsnip might be attributed to a somaclonal variation that 
arose during protoplast culture and or/ protoplast-derived 
callus culture. It is a common phenomenon described for 
many species and its occurrence can be very high, e.g. in 
the range of 6–90% of off-type plantlets in in vitro cultures 
of banana (Smith 1988, Sahijram et al.2003). In Apiaceae, 
somaclonal variation of protoplast regenerants was also 
observed. Its potentially beneficial effect was described for 
carrot. Regenerants obtained from protoplast cultures sub-
jected to biotic stress, i.e. Alternaria radicina fungal culture 
filtrates, showed lower susceptibility to this pathogen (Grze-
belus et al. 2013). Similarly, application of salt stress to the 
protoplast cultures of carrot resulted in higher survival rate 
of regenerated plants in saline soil (Kiełkowska et al. 2019). 
Nonetheless, the oxidative stress generated during culture 
initiation and subsequent subcultures can lead to changes 
in chromosome numbers, likely due to endoreduplication 
within callus cells. The change in the ploidy level of regener-
ants was observed for several species within Apiaceae, i.e. 
carrot and celariac (Bruznican et al. 2019, Grzebelus et al. 
2012, Kiełkowska et al. 2019). In parsnip such changes in 
chromosome number might impact the regenerative ability 
of protoplast-derived callus and inhibit the development of 
proembryogenic mass. Also, changes in the level of DNA 
methylation resulting from the presence of free radicals 
in in vitro cultures might contribute to reduced regenera-
tion ability (Krishna et al. 2016). To assess the impact of 
the oxidative stress on inhibition of SE in parsnip and to 
improve the efficiency of SE, further studies implementing 
exogenous polyamines (e.g. spermine, spermidine) and/or 
antioxidants in the callus culture medium should be carried 
out. The regenerated and acclimatized to ex vitro condi-
tions plants were morphologically similar to the donor and 
displayed no variation in the level of ploidy. This indicates 
that culture conditions applied in the described protocol for 
protoplast-to-plant regeneration of parsnip, particularly for 
cultivar Półdługi Biały, did not increase the level of soma-
clonal variation beyond the point of irreversible intra-nuclear 
rearrangements.

To our knowledge, this is the first publicly available 
report of a successful plant regeneration from leaf-derived 
protoplast cultures of parsnip. The established protocol 
produced sufficient yield of protoplasts that may provide 
a platform for production of somatic hybrids via proto-
plast fusion. We demonstrated that an adequate efficiency 
of cell colony formation and plant regeneration could be 
induced after supplementation of the culture medium with 
PSK in ‘Półdługi biały’ accession. The embryo-regenerated 
plants were morphologically similar to the parent plant and 
retained its ploidy.
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