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Early selection of carrot somatic hybrids: 
a promising tool for species with high 
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Abstract 

Background  Since its discovery, somatic hybridization has been used to overcome the sexual barriers between cul‑
tivated and wild species. A combination of two somatic cells might provide a novel set of features, often of agro‑
nomical importance. Here, we report a successful approach for production and selection of interspecific somatic 
hybrid plants between cultivated and wild carrot using dual-labelling of protoplasts and an early selection of fused 
cells via micromanipulator. Both subspecies used in this study are characterised by a very high regenerative ability 
in protoplast cultures. Thus, a precise and effective method of hybrid selection is essential to assure the development 
and regeneration of much less numerous heterokaryons in the post-fusion cell mixture.

Results  Electrofusion parameters, such as alternating current and direct current, were optimised for an efficient 
alignment of protoplasts and reversible membrane breakdown followed by a cell fusion. Four hundred twenty-nine 
cells emitting green–red fluorescence, identified as hybrids, were obtained. Co-culture with donor-derived protoplasts 
in the alginate feeder layer system stimulated re-synthesis of the cell wall and promoted cell divisions of fusants. 
Somatic embryogenesis occurred in hybrid-derived microcalli cultures, followed by plant regeneration. Regenerated 
hybrids produced yellowish storage roots and leaves of an intermediate shape between cultivated and wild subspe‑
cies. The intron length polymorphism analysis revealed that 123 of 124 regenerated plants were hybrids.

Conclusions  The developed protocol for protoplast fusion and an early selection of hybrids may serve as an alterna‑
tive to combining genomes and transferring nuclear or cytoplasmatic traits from wild Daucus species to cultivated 
carrot.
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Background
Somatic hybridization is a technique that may combine 
somatic cells of two different varieties, species, or gen-
era, to generate new variability. In this way, as a result of 
bypassing pre- and post-zygotic barriers, plants (called 
somatic hybrids) with a unique set of features can be 
developed [1]. For that reason, somatic hybridization is 
of particular interest to plant breeders in the context of 
introducing/generating agronomically important traits 
such as cytoplasmic male sterility (CMS) or resistance 
to biotic or abiotic stresses. Thus, the long process of 
homozygous line backcrossing during the production of 
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hybrid cultivars can be shortened. It is particularly valu-
able for biennial crops belonging to the Apiaceae family, 
such as carrot, celery, parsley or parsnip. Over the years, 
the successful development of somatic hybrids for both 
ornamental and crop species, including those belonging 
to the Daucus genus, has been reported [2–8]. Despite 
observed progress in the production of somatic hybrids, 
somatic hybridization is routinely used for the improve-
ment of existing genetic resources of only a few crops [5, 
9, 10]. This is most likely due to the fact that the devel-
opment of somatic hybrids is a multi-stage process and 
often requires detailed optimization of subsequent 
stages.

So far, successful protocols for protoplast isolation, 
fusion and plant regeneration from protoplast cultures of 
economically important members of the Apiaceae family 
such as carrot and celery, have been described, both for 
different source tissues [11–15] and for various wild and 
cultivated species and subspecies [8, 14, 16–22].

Since the first report of a successful isolation of 
plant protoplasts [23] and protoplast-to-plant regen-
eration [24], an increased interest in developing an 
efficient method for protoplast fusion was observed. 
Among numerous chemical compounds tested, the 
use of polyethylene glycol (PEG) proved to be effec-
tive for animal, bacterial and plant cell fusions [25–28]. 
Zimmermann and Scheurich [29] performed the elec-
trically stimulated fusion of Vicia faba protoplasts, 
whereas, four years later Bates and Hasenkampf [30] 
produced somatic hybrid plants from electrofused pro-
toplasts of Nicotiana tabacum and N. plumbagnifolia. 
This method of fusion, when carefully adjusted to the 
species of interest, proves to have less of an immediate 
effect on cell viability than PEG-mediated techniques. 
Moreover, once optimized for the species of interest, 
electrofusion is generally easy to perform than most 
alternative methods. This method exploits the align-
ment, and therefore, a close contact of protoplasts that 
is obtained by the application of alternating current 
(AC). Then, by applying short pulses of direct current 
(DC), a reversible disintegration of the cell membrane 
is forced, leading to the fusion of protoplasts [29]. The 
parameters of applied AC and DC, such as voltage and 
time of exposure are critical factors to be considered in 
the process of optimization of electrofusion. Regardless 
of the method used for protoplast fusion, it is advisa-
ble to implement an early selection step including the 
selection of heterokaryons from the post-fusion mix-
ture to avoid unnecessary and labour-intensive regen-
eration of non-fused cells [31]. However, this step 

seems to be more feasible after electrofusion than after 
PEG-mediated fusion, where due to the properties of 
PEG, the cells often aggregate in the post-fusion mix-
ture and adhere firmly to the bottom of the Petri dish. 
Such early selection step is particularly true in case of 
species characterized by a high regenerative capacity in 
protoplast cultures, such as wild and cultivated carrots. 
The use of various non-toxic and stable fluorescent 
dyes, such as tetramethylrhodamine isothiocyanate, 
fluorescein isothiocyanate or fluoresceine diacetate 
[32], to differentially label protoplasts derived from 
both parental components, as shown for Phaseolus, 
Pisum and Lathyrus [33, 34], may significantly aid early 
selection of obtained fusants from the post-fusion cell 
mixture [31].  Vital staining allows for fast protoplast 
discrimination and identification of hybrid cells charac-
terised by dual-colour fluorescence.

Regardless of an early selection of putative hybrid cells, 
the use of somatic hybridization in crop improvement 
requires an effective and efficient system of markers for 
the validation of a hybrid status of regenerated plants, 
tailored to the species of interest. The use of molecu-
lar markers for the detection of DNA polymorphism in 
somatic hybrids has its advantages as it allows for identi-
fication of hybrids at the culture stage, even after incom-
plete regeneration, leading to the reduction of resources, 
space and time required for production of somatic 
hybrids. Depending on the type of protoplast fusion, 
i.e. symmetric or asymmetric, one can develop mark-
ers suited for identification of polymorphisms in either 
organelle genomes and/or the nuclear genome. The use 
of DNA polymorphism resulting from the activity of 
transposable elements (TEs) for the characterization of 
germplasm has been documented for many species, e.g. 
banana, bamboo, barley, carrot, rice or wheat [35–40]. 
Codominant markers exploiting TEs insertional poly-
morphism might serve as a tool for validation of hybrids 
resulting from the symmetric protoplast fusion event. 
It allows for identification of heterozygotes originating 
from the fusion of protoplasts derived from both parental 
lines, providing that donors were opposite homozygotes 
at a given TE insertion site. Once developed and vali-
dated, the marker system is usually readily available, rela-
tively time- and cost-efficient, and can be used at an early 
growth stage of a putative hybrid.

In this paper, we report a successful method for the 
production and selection of interspecific somatic hybrids 
between D. carota subsp. sativus and D. carota subsp. 
gadecaei using differential fluorescent labelling of proto-
plasts for the manual selection of putative hybrid cells via 



Page 3 of 20Mackowska et al. Plant Methods          (2023) 19:104 	

micromanipulator from the post-fusion mixture directly 
after the completion of protoplast fusion. The objectives 
of the study were as follows: (1) selection of fluorescent 
labels for the effective detection of heterofusion prod-
ucts; (2) optimization of the electrofusion procedure; (3) 
development of an efficient system for the regeneration 
of hybrids; (4) development of a molecular marker-based 
system for the validation of the hybrid nature of regener-
ated plants.

Results
Development of dual fluorescence labelling of protoplasts 
for the effective detection of heterofusion products
Three fluorochromes with different spectral properties 
were used to label protoplasts i.e. fluorescein diacetate 
(FDA), rhodamine B isothiocyanate (RBITC) and sco-
poletin. The intensity of the blue fluorescence emitted by 
protoplasts after overnight incubation with scopoletin in 
the enzyme mixture was dependent on the applied dye 

Fig. 1  Intensity of protoplast fluorescence after staining with different concentrations of: (I) scopoletin, blue fluorescence (A-J), scale bars: 10 µm 
(B, D, F, H, J), 50 µm (A, C, E, G, I); (II) fluorescein diacetate, green fluorescence (A-D) and rhodamine B isothiocyanate, red fluorescence (E–H), scale 
bars: 10 µm (B, D, F, H), 20 µm (A, C, E, G)



Page 4 of 20Mackowska et al. Plant Methods          (2023) 19:104 

concentration (Fig. 1I). The use of concentrations in the 
range from 25 to 75 µg ml−1 did not provide a homoge-
nous staining of all protoplasts and significant differences 
in the intensity of blue fluorescence were noted. For some 
of the cells, blue fluorescence was not observed, while 
others showed a weak signal. Additionally, after a pro-
longed exposure to UV light, the quenching of fluores-
cence and the red autofluorescence of chlorophyll were 
also observed. The use of scopoletin in the concentrations 
of 100 µg ml−1 and 125 µg ml−1 allowed for an appropri-
ate labelling of protoplasts. Slightly less intense fluo-
rescence was observed in the areas of the cells in which 
chloroplasts were located. Similarly, in case of FDA- and 
RBITC-stained protoplasts the intensity of green and red 
fluorescence, respectively, was dependent on the con-
centration of applied dye (Fig.  1II). Higher concentra-
tions of FDA (75 µg ml−1) and RBITC (2.5 µg ml−1) were 
shown to induce optimal levels of fluorescence in stained 
protoplasts, while lower concentrations resulted in very 
poor fluorescence, thereby preventing cell identification. 
The intensity of fluorescence after staining protoplasts 
of D. carota subsp. gadecaei with higher concentrations 
of FDA and RBITC was similar to the intensity observed 
in ‘Dolanka’ protoplasts. In the next step, a proper puri-
fication system of the stained protoplast suspensions 
from unbound dye particles was developed. Mixing of 
FDA- and RBITC-stained protoplast suspensions after 
two washes in cold mannitol resulted in green–red fluo-
rescence of some protoplasts. It proved that unbound dye 
particles present in the protoplast suspension penetrated 
into the already stained protoplasts and, as a result, dual 
fluorescence of the cells was observed. Such cross-stained 
protoplasts were not observed if protoplast suspen-
sions were washed three times in cold mannitol solution. 
However, after four washes fluorescence emitted by pro-
toplasts was very low. In the case of scopoletin, most of 
unbound dye particles were removed during protoplast 
isolation and purification procedure. Still, double wash-
ing of scopoletin-stained protoplast suspension in cold 
mannitol was necessary to remove K+, Na+, Ca2+ ions 
coming from solutions used during the protoplast isola-
tion procedure. The presence of such ions in protoplast 
suspensions is disadvantageous, resulting in reduction 
of fusion buffer conductivity and thus the efficiency of 

fusion. However, such additional washes resulted in the 
dye being washed out of the cells and consequently the 
intensity of blue fluorescence had been reduced. Thus, 
identification of scopoletin-stained cells was limited. 
Therefore, for further study, FDA and RBITC have been 
used in the procedure of differential labelling of parent 
protoplasts before fusion experiments. Scopoletin has 
been eliminated from further study due to low dye stabil-
ity in cells and fast quenching fluorescence compared to 
FDA and RBITC.

Both, control and fluorochrome-treated protoplasts 
showed ability to completely re-synthesize the cell wall. 
The evidence for the presence of the cell wall was blue 
fluorescence of cellulose visible after calcofluor treat-
ment (Fig. 2I). In 48 h-old cultures, cells with a complete 
and partially re-constituted wall, as well as cells without 
the cell wall were observed. Approximately 17% of cells 
showed intense blue fluorescence, however no significant 
effect of applied fluorochromes on cell wall reconstruc-
tion in comparison to control protoplasts was observed 
(P = 0.3). Number of cells with completely reconsti-
tuted cell walls varied from 14% for scopoletin- to 20% 
for RBITC-stained protoplasts (Fig.  2II). In the follow-
ing days, typical changes in the shape and reorganiza-
tion of cell organelles were observed both in control and 
fluorochrome-treated cultures. In consequence, cells 
re-entered mitotic divisions and multicellular aggre-
gates were formed. In 10-day-old cultures no differences 
in number of cell aggregates (expressed by plating effi-
ciency) were observed, regardless of the culture variant 
(P = 0.9). At this time point, the plating efficiency in the 
control cultures reached 49%, while in fluorochrome-
treated cultures varied from 38 to 53% (Fig.  2III). 
Over time, the number of cell aggregates increased, in 
20-day-old cultures on average by 20% in comparison 
to 10-day-old cultures. Similarly to 10-day-old cultures, 
the negative effect of applied fluorochromes on the for-
mation of cell aggregates was not observed (P = 0.5). At 
both time points, FDA-treated cultures showed slightly 
lower planting efficiency compared to the control, but the 
differences were statistically not significant. Both, con-
trol and fluorochrome-treated cultures showed ability to 
regenerate into plants. Regardless of the culture variant, 

Fig. 2  Effect of fluorochromes on development of ‘Dolanka’ protoplast cultures. (I) A, B) fresh isolated protoplast with completely removed cell 
wall, (C, D) cell with partially and (E, F) completely reconstituted cell wall; (A, C, E) calcofluor-stained cells and (B, D, F) their image under bright-field 
illumination. (II) Frequency of cells with completely reconstructed cell walls examined after calcofluor staining of cellulose in 48 h-old cultures. 
(III) Plating efficiency in 10- (A) and 20-day-old (B) protoplast cultures. FDA fluorescein diacetate, RBITC rhodamine B isothiocyanate. Bars 
represent means ± SE obtained from three independent experiments. Statistically significant differences between variants were not observed 
both within particular categories of cell wall reconstitution (II) and within subsequent time points of plating efficiency (III). Scale bar: 20 µm

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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no differences in the number of regenerated plants were 
noticed.

Establishment of thin alginate feeder layer system 
for development of manually selected protoplasts
During the transfer of manually selected protoplasts 
from the transfer needle of the micromanipulator to the 
alginate droplets, the agglutination, disintegration, and 
loss of cells were observed. Only 50% of cells embedded 
in the alginate matrix showed proper morphology and 
undamaged membranes. The developmental responses 
were observed only for the cells co-cultured with a thin 
alginate feeder layer (Table 1). It was found that progress 
in the development of manually selected protoplasts of 
both accessions strongly depended on the volume of the 
protoplast-alginate suspension used for the feeder layer 
preparation. First symptoms of the development, i.e. an 
increase of cell size and the reorganization of cytoplasm, 
were observed in three-day-old cultures. The following 
cell divisions were observed in both volume variants of 
feeder layer systems, however, co-culture with a 200-µl 
feeder layer showed a better response. The first cell divi-
sions were observed 2 days earlier (after 5 days of the cul-
ture) in comparison to a co-culture with a 100-µl feeder 
layer. Selected protoplasts cultured without a feeder layer 
(control variant), showed a slight increase in cell size 
and reorganization of the cytoplasm, although did not 
enter mitotic division. In 10-day-old cultures, clear and 
repeatable cell divisions in manually selected cells were 
observed only in co-culture with a 200-µl feeder layer, 
while in case of the co-culture with a 100-µl feeder layer, 
occasional cell divisions were noticed (Table 1). The fur-
ther development of occasionally formed cell aggregates 
in a co-culture with a 100-µl feeder layer was stopped. 
A co-culture with a 200-µl feeder layer stimulated cell 

divisions, however, in 20-day-old cultures degradation of 
some cells was observed. In the following weeks multi-
cell aggregates were formed in a co-culture with a 200-µl 
feeder layer. After 8 weeks of callus culture the develop-
ment of somatic embryos was observed. No significant 
differences in the development of manually selected 
protoplasts derived from each donor accession were 
observed.

Development of the electrofusion procedure 
for leaf‑derived protoplasts of carrot
The preliminary study on electrofusion parameters car-
ried out in the micro-fusion chamber under direct 
microscopic control included two steps: (1) optimisation 
of alternating current (AC) for protoplast alignment and 
(2) optimisation of direct current (DC) for the reversible 
membrane breakdown and protoplast fusion.

The formation of the cell-chains was dependent both 
on applied AC voltage and duration of the pulse. The 
cell-chains were formed even if the lowest voltage of AC 
(100 or 125 V) was applied. However, in those conditions 
only 3–4 cells per chain were observed (Table 2; Fig. 3A) 
and larger cells were not aligned even during a 40 s pulse. 
Applying AC at voltages of 150 and 175 V for up to 10 s 
caused the formation of short cell chains, however una-
ligned single cells were also present. The application of 
200  V AC caused the formation of grouped chains and 
protoplast deformation including changes in the cell 
shape and/or cell membrane disruption (Fig.  3C). The 
optimal parameters have been chosen, considering the 
level of protoplast deformation, as well as the length and 
protoplast arrangement in the chain. The longest single 
chains of undeformed cells were obtained when AC of 
175 V was applied for 15 s (Fig. 3B).

Table 1  The effect of feeder layer volume on development of manually selected leaf-derived protoplasts in two Daucus accessions

a Source of nurse protoplasts for feeder layer preparation was the same as for manual selection; feeder layer was formed from protoplast-alginate suspension with 
final protoplast density of 4 × 105 per ml;
b (−) Cell divisions not observed; ( ±) occasional cell divisions, unrepeatable in subsequent repetitions; ( +) repeatable cell divisions of individual cells; (+ +) from 
manually selected protoplasts of proper morphology and undamaged membrane at least 50% re-entered mitotic divisions and cell aggregates were formed;
c (−) Not occurred; ( +) occurred; three independent experiments per each variant have been performed; in a single experiment 100 protoplasts per variant were 
manually selected and embedded in four alginate droplets (25 protoplasts per droplet)

Source of manually selected 
protoplasts

Volume of feeder layer 
(µl)a

Mitotic divisionsb of manually selected 
protoplasts in

Somatic 
embryosc

10-day-old cultures 20-day-old cultures

cv. Dolanka 0 – − −

100  ±  − −

200  +   +  +   + 

D. carota subsp. gadecaei 0 − − −

100  ±  − −

200  +   +  +   + 
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For the efficient fusion frequency, the number of DC 
pulses, its voltage and duration should be estimated. The 
preliminary observations showed that a multiple fusion 
is promoted when more than one DC pulse is applied. 
Therefore, in the next experiments one DC pulse of differ-
ent voltage (1.5–2.5 kV cm−1) and duration (40–100 µs) 

was tested (Table  3). After applying DC at a voltage of 
1.5 kV cm−1, regardless of the pulse duration, fusion was 
incomplete and dumbbell shaped structures with incom-
pletely fused membranes were observed. Such dumbbell 
shaped structures were also observed when DC at a volt-
age of 2.0–2.5 kV cm−1 and up to 70 µs was applied, while 
extending the pulse from 80 to 100 µs allowed complete 
fusion resulting in spherical-shaped cells. The level of cell 
damage was dependent on pulse duration—longer pulses 
increased the number of damaged cells. Additionally, a 
higher DC voltage combined with a longer pulse dura-
tion affected the increased frequency of multiple fusion. 
A high number of fusion events with relatively low pro-
toplast damage was observed when DC at a voltage of 2 
kV cm−1 from 70 to 90 µs was applied. Therefore, these 
parameters have been used during more detailed study.

After applying DC at a voltage of 2.0  kV  cm−1 from 
70 to 90  µs, cells emitting green–red fluorescence were 
counted both in micro- and macro-fusion chambers to 
evaluate hetero-fusion frequency (Table  4). On average 
four times higher fusion frequency was observed in the 
micro-fusion chamber (with range 16–22%) in compari-
son to the macro-fusion chamber (with range 3–8%). In 
both cases, the highest frequency of hetero-fusion events 
(22 and 8%, respectively) was observed after applying DC 
for 90 µs.

Besides the hetero-fusion frequency, the effect of the 
electric field on (1) the protoplasts viability, (2) the ability 
to resynthesise the cell wall and (3) the ability to form cell 

Table 2  Effect of alternating current (AC) voltage and pulse 
duration on the protoplast-chain formation during the alignment 
phase of electrofusion between D. carota subsp. sativus cv. 
Dolanka and D. carota subsp. gadecaei protoplasts

a Protoplast deformation manifested by changes in the cell shape or cell 
membrane disruption

AC voltage (V) AC duration (s) Cell no./chain, cell deformationa

100 10–40 3–4 cells, single chain, undeformed

125 10 3–4 cells, single chain, undeformed

10–40 3–4 cells, single chain, undeformed

150 15–30 7–9 cells, single chain, undeformed

40 4–7 cells, single chain, slightly 
deformed

175 10–20 8–11 cells, single chain, undeformed

30–40 7–9 cells, single chain, slightly 
deformed

200 15 7–9 cells, grouped chains, slightly 
deformed

15–40 7–9 cells, grouped chains, deformed

Fig. 3  Protoplast chain formation during the alignment phase 
of electrofusion in the micro fusion chamber at (A) 125 V, 15 s; (B) 175 
V, 15 s; (C) 200 V, 15 s; scale bar: 40 µm

Table 3  Effect of direct current (DC) voltage and pulse duration 
on the protoplast damage and cell fusion during the membrane 
breakdown phase of electrofusion between D. carota subsp. 
sativus cv. Dolanka and D. carota subsp. gadecaei protoplasts

a (-) Protoplast damage not observed; ( +) 1–5 damaged cells or (+ +) 6–10 
damaged cells per microscopic field at 20 × magnification
b (±) Occasional cells showing incomplete fusion, unrepeatable in subsequent 
repetitions; (+) complete fusion occurred; multiple—fusions between 3 or more 
cells occurred

DC voltage 
(kV cm−1)

Pulse duration (µs) Protoplast 
damagea

Cell fusionb

1.5 40–100 −  ±

2.0  < 70 − ±

70 −  + 

80  +   + 

90  +   + 

100  +   + 

2.5  < 70 − ± 

70 −  + 

80  +   + 

90  +  +  multiple

100  +  +  multiple
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aggregates (plating efficiency) was evaluated. The proto-
plast viability was dependent on duration of the pulse and 
ranged from 82% for control protoplasts (i.e. protoplast 
mix of both parental forms not treated with electric cur-
rent) to 63% for protoplasts treated with DC at a voltage 
of 2.0 kV cm−1 for 90 µs (Table 5). Similarly, the ability to 
resynthesise the cell wall, evaluated in 72-h-old cultures, 
was influenced by the duration of DC pulses. The electri-
cally treated protoplasts showed 14–20% lower frequency 
of cell wall resynthesis in comparison to the control. Dif-
ferences in plating efficiency between the electrically 
treated protoplasts and the non-treated control were 
observed in 10-day-old cultures resulting in 11–23% 
lower number of forming cell aggregates. In 20-day-old 
cultures numbers of forming cell aggregates in electri-
cally treated variants were lower in comparison to con-
trol but the differences were statistically not significant.

Based on the collected data (Table  5), to produce 
hybrid cells in the macro-fusion chamber, cell alignment 
and reversible membrane breakdown were generated 
after applying AC at a voltage of 175 V for 15 s and DC at 
a voltage of 2.0 kV cm−1 for 90 µs, respectively.

Selection of hybrid cells and regeneration of D. carota 
subsp. sativus ( +) D. carota subsp. gadecaei plants
Cells emitting green–red fluorescence were identified as 
hybrids (Fig. 4A–D), were manually selected, and trans-
ferred to alginate droplets. To stimulate their develop-
ment, an established feeder layer system was applied 
successfully. In total, 429 putative hybrid cells have been 
selected and co-cultured with nurse protoplasts embed-
ded in the feeder layer. In the first  days of culture two 
types of morphological changes in putative hybrid cells 
were observed: (1) the increase in size and shape change 
from round to oval, or (2) the shrinking of cell membrane 
and cytoplasm. First cell divisions were observed from 
the 5th to the 10th day of culture (Fig. 4E), however, only 
about 50% of selected putative hybrid cells re-entered 
mitotic divisions. As a consequence of mitotic divi-
sions, cell aggregates were formed (Fig. 4F–H). In some 
aggregates mitotic divisions were arrested over time 
and symptoms of cell death were observed. During two 
months of co-culture with a feeder layer, aggregates with 
mitotically active cells continued their growth leading to 
the formation of a microcallus (Fig.  4I). After approxi-
mately 2 weeks of the microcallus culture being on hor-
mone-free medium, proembryonic mass and somatic 
embryos at different developmental stages (Fig.  4J–M) 
were observed. Somatic embryos usually regenerated 
into morphologically normal and rooted plants. Finally, 
124 plants were regenerated and 92 of them were suc-
cessfully acclimatised to ex vitro conditions. Regenerated 
putative hybrids showed phenotypic diversity as com-
pared to parental forms (Fig. 5A–D). All somatic hybrids 
formed storage roots (Fig. 5E–F) similar to the cultivated 
carrot in size and shape, however, yellowish in colour as 
opposed to the orange root of D. carota subsp. sativus cv. 
Dolanka and white root of D. carota subsp. gadecaei. The 
leaves had an intermediate shape between the cultivated 
form and the wild component (Fig.  5G–I), however, all 

Table 4  Effect of direct current (DC) pulse duration on hetero-
fusion frequency between D. carota subsp. sativus cv. Dolanka 
and D. carota subsp. gadecaei protoplasts

Data represent means and standard errors calculated from three independent 
fusion experiments per each fusion variant. Means within columns followed by 
the same letter were not significantly different at least at P = 0.05

Duration (µs) of 
2 kV cm−1 DC

The frequency of hetero-fusion events (%)

Micro-fusion chamber Macro-
fusion 
chamber

70 19.3 ± 0.5 a 5.3 ± 0.6 b

80 15.9 ± 0.8 a 3.0 ± 0.1 c

90 21.6 ± 4.7 a 8.2 ± 0.5 a

Average 18.9 ± 1.6 5.5 ± 0.8

Table 5  Effect of direct current (DC) pulse duration on protoplasts viability, cell wall re-synthesis and plating efficiency in post-fusion 
mixture of D. carota subsp. sativus cv. Dolanka and D. carota subsp. gadecaei protoplasts

A Evaluated just after protoplast embedding in alginate matrix;
b Frequency of the cells with completely reconstituted cell wall examined after calcofluor staining of cellulose in 72 h-old protoplast cultures;
c The number of cell colonies per total number of observed cells (× 100)

Data represent means and standard errors calculated from three independent fusion experiments per each fusion variant. Means within columns followed by the 
same letter were not significantly different at least at P = 0.05

Duration (µs) of 2 kV cm−1 
DC

Cell viability
(%)a

Cell wall re-synthesis (%)b Plating efficiency (%)c in

10- day-old cultures 20-day-old cultures

Control 82.4 ± 1.3 a 90.0 ± 2.3 a 60.0 ± 3.1 a 63.1 ± 0.4 a

70 80.0 ± 3.1 a 76.5 ± 5.1 b 47.3 ± 3.7 ab 58.5 ± 4.2 a

80 76.1 ± 3.2 ab 69.6 ± 0.2 b 37.5 ± 6.4 ab 49.1 ± 5.2 a

90 63.1 ± 3.6 b 69.6 ± 1.4 b 49.4 ± 2.1 b 46.9 ± 2.8 a
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leaf blades were shiny as observed for D. carota subsp. 
gadecaei.

Screening for molecular markers differentiating parental 
accessions and the identification of somatic hybrids
To facilitate the preliminary screening for markers dif-
ferentiating parental accessions, DNA samples of both 
‘Dolanka’ and D. carota subsp. gadecaei plants were 
pooled into four groups, each representing five genotypes 
of one accession. Created groups were genotyped using 
a panel of one hundred DcS-ILP markers. Amplification 
of nine markers resulted in the presence of unique DNA 
band patterns differentiating groups representing cv. 
Dolanka and D. carota subsp. gadecaei. Selected markers 
were then used to genotype each plant separately. Four 
markers (i.e. DcS-ILP214, DcS-ILP225, DcS-ILP516, and 
DcS-ILP906) differentiated both gene pools consistently. 
We used them for genotyping an additional twenty plants 
representing ‘Dolanka’ and D. carota subsp. gadecaei to 
confirm the repeatability of differentiation of cultivated 
carrot and wild Daucus subspecies, and to choose a 
marker(s) suitable for the identification of hybrid plants.

Amplification of DcS-ILP225 and DcS-ILP516 resulted 
in a clear distinction of cv. Dolanka and D. carota subsp. 

gadecaei gene pools. As predicted for codominant mark-
ers, DcS-ILP225 generated a maximum of two PCR 
products (ca. 1470 bp and 1730 bp) for ‘Dolanka’ geno-
types and one PCR product (ca. 2420  bp) for D. carota 
subsp. gadecaei genotypes (Fig.  6A). Amplification of 
DcS-ILP516 resulted in the presence of ca. 1180 bp long 
PCR products for ‘Dolanka’ genotypes and ca. 900  bp 
long products for D. carota subsp. gadecaei genotypes 
(Fig. 6B). Non-specific PCR products were not observed 
on the electrophoregrams, thus, these two markers were 
chosen as the most suitable for the verification of puta-
tive ‘Dolanka’ ( +) D. carota subsp. gadecaei hybrids. The 
results of DcS-ILP214 and DcS-ILP906 amplification 
were not satisfying due to the presence of multiple prod-
ucts of variable size for ‘Dolanka’ plants (DcS-ILP214) 
and very small difference in the size (less than 30 bp) 
of PCR products obtained for ‘Dolanka’ and D. carota 
subsp. gadecaei (DcS-ILP906).

In total, 124 regenerated putative ‘Dolanka’ ( +) Dau-
cus carota subsp. gadecaei hybrids were tested using 
DcS-ILP225 and DcS-ILP516 markers. One hundred 
twenty-three plants produced the expected PCR band 
patterns, suggesting the presence of genetic components 
derived from both donors. Amplification of DNA of one 

Fig. 4  Protoplast-to-plant regeneration of ‘Dolanka’ ( +) D. carota subsp. gadecaei hybrids. (A–D) hybrid cells (A) emitting green (B) and red (C) 
fluorescence (marked by arrows); (E–H) development of a multicellular fusant-derived aggregate; (I–M) formation and development of somatic 
embryos observed in microcallus cultures derived from selected hybrid cells. Scale bars: 100 µm (A–H); 0.5 mm (I-L); 1 mm (M)
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plant (namely Dx7-1) resulted in the presence of only 
one product, ca. 1470  bp long for DcS-ILP225 and ca. 
1180 bp long for DcS-ILP516 (Fig. 7). This implicates that 
Dx7-1 is not a result of fusion of ‘Dolanka’ and Daucus 
carota subsp. gadecaei protoplasts.

Discussion
The present study was carried out to obtain the somatic 
hybrids in the genus Daucus and to develop efficient 
methods of their selection and regeneration (Fig. 8). Two 
subspecies, i.e. Daucus carota subsp. sativus and Daucus 
carota subsp. gadecaei have been chosen for several rea-
sons. First, carrot serves as a model species for protoplast 
isolation and protoplast-to-plant regeneration. There are 
numerous reports of successful isolations of large num-
bers of highly viable protoplasts from leaf-derived tissue 
[14, 17, 18, 41]. Moreover, many carrot accessions are 
characterised by high regeneration capacity [14, 16, 20, 
42–44]. The two selected subspecies not only have these 
features, but also display morphological differences, 
allowing for a preliminary identification of hybrids based 
on their phenotype. There are two requirements for a 

successful production of somatic hybrids: first, to estab-
lish an efficient method of protoplast fusion leading to a 
large number of viable hybrids, and second, to develop 
a procedure allowing for the selection of heterokaryons. 
Depending on the selection method, hybrids can be iden-
tified at different stages of development. Early selection 
is advantageous due to the reduction of space, resources 
and time required for the full regeneration of the entire 
pool of putative hybrids. It is also an essential step during 
production of somatic hybrids derived from the species 
characterised by very high regenerative ability, such as 
carrot, as the development of more frequent non-fusants 
might arrest growth of much less numerous heterokary-
ons in the post-fusion mixture. Hence, fluorescent or 
morphological markers can be applied directly after 
fusion. When mutants with the specific features are avail-
able, selection can be based on the different hormone 
requirements in a culture medium, the complementation 
of auxotrophic mutants or markers such as complemen-
tation between two chlorophyl-deficient mutants [3, 20, 
45]. The main disadvantage of this method is the limited 
availability of mutation-bearing cell lines. Since there are 

Fig. 5  Phenotypic diversity observed for both parental components and obtained hybrids. (A–F) protoplast derived plants of D. carota subsp. 
sativus cv. Dolanka (A, B), D. carota subsp. gadecaei (C, D) and ‘Dolanka’ ( +) D. carota subsp. gadecaei hybrid (E, F); (G, H) leaf morphology observed 
for ‘Dolanka’ (G), D. carota subsp. gadecaei (H) and obtained hybrids (I)
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no apparent differences in both size and morphology of 
D. c. subsp. sativus and D. c. subsp. gadecaei protoplasts 
and no mutation cell lines are available, the development 
of an efficient system for the identification of hybrids in 
the post-fusion mixture is essential.

Development of dual fluorescence labelling of protoplasts 
for the effective detection of heterofusion products
In this study fluorescent labelling has been applied to 
overcome limitations of hybrid selections in a high-den-
sity post-fusion mixture. During the preliminary study, 
the intensity and efficiency of protoplast staining with 

three fluorescent labels i.e. fluorescein diacetate (FDA), 
rhodamine B isothiocyanate (RBITC) and scopoletin 
were evaluated. All three labels were previously shown as 
having no deleterious effect on the viability and growth 
of carrot cells [46–48]. We also did not observe a nega-
tive effect of the applied fluorochromes on the ability of 
protoplasts to resynthesise the cell wall. Fluorochrome-
treated cultures efficiently regenerated into plants. 
Among the three labels, only two, FDA and RBITC, were 
chosen for the differential staining of protoplasts, as the 
identification of scopoletin-stained cells was very limited. 
Additionally, the scopoletin labelling required a whole 

Fig. 6  Amplification of DcS-ILP markers differentiating donors and identifying somatic hybrids of cv. Dolanka ( +) Daucus carota subsp. gadecaei. 
Data shown for five randomly chosen plants of cv. Dolanka (marked with a green bracket), Daucus carota subsp. gadecaei (D.c.g.; red bracket) 
and putative somatic hybrids (‘Dolanka’ ( +) D.c.g.; blue bracket). A Amplification of DcS-ILP225 characterized by the presence of ca. 1470 bp 
and 1730 bp specific products for ‘Dolanka’, ca. 2420 bp products for D.c.g., and both specific products for hybrid plants. B Amplification 
of DcS-ILP516 characterized by the presence of ca. 1180 bp specific product for ‘Dolanka’ and ca. 900 bp specific products for D.c.g. Hybrids were 
characterised by the presence of both specific products. One putative hybrid regenerated in vitro (Dx7-1) showed only one product specific 
for ‘Dolanka’ donor plant (marked by yellow arrow). I—GeneRuler 1 kb Plus DNA Ladder (Thermo Scientific™); II—GeneRuler 100 bp Plus DNA 
Ladder (Thermo Scientific™)
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night of incubation during enzymatic digestion, and a 
higher volume of the dye had been used in comparison to 
FDA and RBITC. Despite this, there were no differences 
in the efficiency of protoplast isolation between scopole-
tin and FDA or RBITC stained tissues.

Establishment of the thin alginate feeder layer system 
for the development of manually selected protoplasts
The proposed protocol for the fluorescence-based selec-
tion of hybrids leads to the isolation of a relatively small 
number of heterokaryons from the post-fusion mix-
ture. Therefore, a low-density protoplast culture tech-
nique needs to be applied for the proper development 
of hybrids. The culture density is a known factor affect-
ing development of protoplasts and the optimal effec-
tive density for most of studied plant species is between 
5 and 100 × 104 cells/ml [49]. To support the growth of 
target cells in a low-density culture, a feeder layer can be 
established [50, 51]. The use of feeder cells to induce cell 
divisions of protoplasts obtained from species consid-
ered as recalcitrant, or cells cultured in low density was 
previously reported for cauliflower, banana and sugar 

beet [52–54]. In this study, the feeder layer protocol has 
been developed to effectively overcome the limitations 
of culturing a small number of putative hybrids selected 
from the post-fusion mixture. The mixture of protoplasts 
obtained from both donors, i.e. cv. Dolanka and subspe-
cies gadecaei, proved to be the most suitable as the nurse 
culture. The most significant effect on the growth pro-
motion of target cells was observed for the ratio of target 
cells to feeder cells of approximately 1:800. Lower density 
of feeder cells resulted in a limited frequency of mitotic 
divisions and ultimately led to cell growth arrest in the 
20th day of the culture, most probably due to the insuf-
ficient concentration of growth promoting factors. To 
increase the rate of cell colony formation and to avoid 
cell agglutination, both hybrid cells and feeder cells were 
embedded in thin layers of alginate. This method of cell 
immobilization has been successfully used for many spe-
cies including thale cress, cabbage, canola, love-in-a-Mist 
and carrot [17, 55–59]. The beneficial effect of physical 
separation and immobilization on cells might result from 
a better oxygen supply, lower ethylene levels and a stable 
change of osmotic pressure in the first step of the proto-
plast culture [2, 60–62].

Development of the electrofusion procedure 
for leaf‑derived protoplasts of carrot
Protoplast fusion can be induced via various treatments. 
Chemical fusion and electrofusion are among the most 
effective methods for protoplast fusion [26]. Both meth-
ods have been successfully implemented in Daucus fam-
ily [8, 42, 47, 63] but electrofusion, mostly due to an 
easier control of fusion parameters, is becoming more 
prevalent. The high yield of electrofusion depends on 
many biological, chemical, and physical factors including 
pulse parameters, tissue source for protoplasts, cell size 
and medium used for fusion. In this study, we focused 
on the analysis of physical parameters of electrofusion, 
as it is essential to establish a balance between fusion 
frequency and viability of protoplasts. An efficient elec-
trofusion can be achieved only when cell membranes 
are in close contact, and this contact is maintained until 
a pulse can be applied [29]. The changes in membrane 
potential and protoplast close contact can be obtained by 
the application of an alternating electric field (AC). The 

Fig. 7  Amplification of DcS-ILP markers for two putative hybrids 
regenerated in vitro. A Amplification of DcS-ILP225 for plant 
Dx7-1 and Dx7-3. B Amplification of DcS-ILP516 for plant Dx7-1 
and Dx7-3. In both loci (A and B) Dx7-1 plant carries alleles derived 
from only one donor (‘Dolanka’), whereas Dx7-3 shows the presence 
of alleles derived from both donors (‘Dolanka’ and Daucus carota 
subsp. gadecaei). I—GeneRuler 1 kb Plus DNA Ladder (Thermo 
Scientific™)

Fig. 8  Flow chart showing four subsequent steps for the development of protocol for an early selection and regeneration of carrot somatic hybrids. 
(1.1) protoplast fluorescence after staining with rhodamine B isothiocyanate (RBITC); (1.2) protoplast fluorescence after staining with fluorescein 
diacetate (FDA); (2.1) fluorescence of FDA- and (2.2) RBITC- stained protoplasts as well (2.3) dual-colour fluorescence observed in the post-fusion 
protoplast mixture (putative hybrid cells are marked by arrows); (3.1) a schematic representation of the developed thin alginate feeder layer culture 
system; (4.1–4.3) a micromanipulator-based (4.1, 4.3) manual selection of dual-labelled hybrid cells (4.2); (4.4) development of somatic embryos 
observed in microcallus cultures derived from selected putative hybrid cells; (4.5) acclimatized to ex vitro conditions ‘Dolanka’ ( +) D. carota subsp. 
gadecaei hybrid. Scale bar: 100 μm

(See figure on next page.)
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Fig. 8  (See legend on previous page.)
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contact between fused cells needs to be strong and the 
contact area should be as large as possible [64]. The opti-
mal results in terms of a sufficient chain cell formation 
and reduction of cell damage were obtained by apply-
ing an AC field of 175 V for 15 s. These parameters are 
in correspondence with other studies carried out on 
carrot protoplasts. Nea and Bates [65] routinely applied 
AC in the range of 160–200  V in their studies assess-
ing factors affecting protoplast electrofusion efficiency, 
whereas Gieniec et  al. [63] applied 175  V in their pro-
tocol for a real-time detection of somatic hybrid cells of 
carrot. Moreover, we proved that the developed param-
eters can be applied for both donors as no differences 
in cell response were observed for cv. Dolanka and D. 
carota subsp. gadecaei. The protoplasts showed no signs 
of deformation and formed single chains, which is cru-
cial for frequent fusion events. The formation of binu-
cleate heterokaryons is favoured when single chain cells 
are formed [66]. Application of direct current pulses 
(DC) on adhered protoplast cause reversible membrane 
breakdown resulting in pores in membranes and then 
membrane fusion [64, 67]. DC of 2 kV cm−1 applied for 
90 µs proved to be sufficient for a reversible membrane 
breakdown of mesophyll-derived protoplasts and com-
plete membrane fusion leading to the formation of het-
erokaryons. Although the use of lower voltage but longer 
direct current pulses might result in lowered cell viability 
after fusion, the fusion efficiency was satisfactory. In their 
work, Gieniec et al. [63] performed electrofusion of car-
rot protoplasts characterised by similar viability as in the 
present study (78% vs. 82%). The parameters of electrofu-
sion differed with regard to applied DC (2.5 to 3 kV cm−1 
for 50  µs in [63] vs. 2  kV  cm−1 for 90  µs in this study). 
The cell viability assessed after the fusion substantially 
dropped when longer pulses were applied (71% in [63] vs. 
63% in the present study), but both the fusion efficiency 
(0.9–13.9% in [63] vs. 16–22% in the present study) and 
the plating efficiency (16.6% in [63] vs. 49.4% in the pre-
sent study) were substantially higher when lower voltage 
was applied.

Selection of hybrid cells and regeneration of D. carota 
subsp. sativus ( +) D. carota subsp. gadecaei plants
Observation of dual-colour fluorescence in the post-
fusion protoplast mixture indicated the presence of two 
fused components. The fusion frequencies obtained in 
the present experiment permitted a manual isolation of 
moderate numbers of heterokaryons. Approximately 
50% of isolated hybrid cells re-entered mitotic divisions 
and formed aggregates. This relatively high percentage 
of fusants with arrested cell cycle is not uncommon, as 
the plating efficiency reported by e.g. [68] and [63] were 
much lower (0.01–0.1% and 16.6%, respectively). This 

could be possibly attributed to the irreversible cell dam-
age that occurred during the electrofusion or cell transfer 
or might be an effect of chromosomal translocations and/
or substitutions that followed the fusion event. As often 
observed for carrot [17, 18, 43], obtained microcallus cul-
tured on hormone-free medium developed into proem-
bryonic mass and further into somatic embryos. Seventy 
four percent of regenerants were acclimatised to ex vitro 
conditions which is comparable to the results presented 
for cv Dolanka by Kiełkowska et  al. [18]. In the green-
house conditions, somatic hybrid plants were as vigor-
ous as the parental lines. Similarly to the work of Dudits 
et al. [43], morphological traits intermediate between cv. 
Dolanka and D. carota subsp. gadecaei provided evidence 
strongly supporting the fact that the ninety-two regener-
ants were somatic hybrids.

Screening for molecular markers differentiating parental 
accessions and the identification of somatic hybrids
But even when the hybrid cells were subjected to selec-
tive pressure or physically isolated, the hybrid nature of 
the regenerated plants should be confirmed, as escapes 
from the selective conditions and/or misclassification of 
hybrid cells cannot be excluded a priori. In the present 
study we report a successful use of the intron length pol-
ymorphism (ILP) analysis in order to validate the hybrid 
status of 124 regenerants obtained from selected hybrid 
cells. Using two codominant ILP markers located on car-
rot chromosome 2 and 5 we were able to repeatably dis-
tinguish both parent components and identify somatic 
hybrids among regenerants. This method of validation 
showed a very high correlation with the dual-label fluo-
rescence approach—99% of regenerated plants originat-
ing from dual-fluorescent cells were confirmed hybrids.

Conclusions
In the presented study, we demonstrated a method for 
the transfer of the genome of wild subspecies of carrot 
to cultivated carrot via electrofusion. We used a dual-
labelling fluorescence approach for the early selection of 
hybrid cells and confirmed its accuracy by the means of 
molecular analysis of the regenerated plants. Moreover, 
the early selection of hybrids, performed just after fusion 
and achieved by dual labelling of fusants combined with 
manual selection of heterokaryons, proved to be a suit-
able approach for species with a high regenerative abil-
ity, such as carrot, as it allows for regeneration of almost 
exclusively hybrid cells. The obtained hybrids might serve 
as a valuable material for the study of carrot genetics and 
breeding. The developed methods of fusion, selection of 
hybrid cells and detection of hybrid status can be used 
to obtain somatic hybrids with valuable agronomic traits 
within Daucus genus. Wild carrot has a great potential to 
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widen the genetic diversity through somatic hybridiza-
tion. Therefore, this technique may serve as an alternative 
to combine the genomes and to transfer nuclear or cyto-
plasmatic traits from wild Daucus species to cultivated 
carrot.

Methods
Plant material
As a protoplast source, two accessions of Daucus (carrot) 
have been used i.e. cultivated form of Daucus carota L. 
subsp. sativus Hoffm. cv. Dolanka and wild subspecies 
of carrot i.e. Daucus carota L. subsp. gadecaei (Rouy & 
E. G. Camus) Heywood (Table  6). Protoplasts were iso-
lated from young plants germinated from seeds in in 
vitro conditions. For this purpose, seeds of donor acces-
sions were surface disinfected according to the three-step 
procedure described by Grzebelus et  al. [14], includ-
ing incubation in: 40 ℃ water bath, 0.2% (v/v) solution 
of fungicide ‘Bravo’ (Syngenta, Waterford, Ireland), 20% 
(w/v) water solution of chloramin T (sodium N-chloro-
toluene-4-sulphonamide), 30 min each, and three rinses 
with sterile distilled water. Then seeds were placed on 
Murashige and Skoog (MS) medium [69] (Duchefa Bio-
chemie, The Netherlands), supplemented with 30  g  l−1 
sucrose, solidified with 6.5  g  l−1 plant agar (Biocorp, 
Poland) and maintained at 18 ± 2 ℃ in the dark for ger-
mination. After 7  days, seedlings were transferred to 
glass jars with R medium composed of MS macro- and 
micro-elements, 0.1 mg l−1 thiamine HCl, 0.1 mg l−1 pyr-
idoxine 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, and 2.5  g  l−1 
phytagel (Sigma, USA) and kept in a climate room at 
26 ± 2 ℃ under 16-h photoperiod and light intensity of 
55 μmol m−2 s−1 (fluorescent lamps Sylvania Gro-lux T8, 
USA).

Protoplast isolation
Protoplasts were isolated from leaves with petioles of 
2‒4-week-old in  vitro grown plants following the pro-
cedure described by Grzebelus et  al. [14]. Briefly, 1  g 
of plant material was cut into pieces, pre-treated in 8 
ml of the plasmolysis solution (0.5  M mannitol; Sigma) 
and then incubated in 8  ml of the enzyme solution 

composed of 1% (w/v) cellulase Onozuka R-10 (Duch-
efa), 0.1% (w/v) pectolyase Y-23 (Duchefa), 20  mM 
MES [2-(N-Morpholino)ethanesulfonic acid] (Sigma), 
5 mM CaCl2 (Sigma), and 0.6 M mannitol for 16 h on a 
gyratory shaker (30 rpm; Rotamax 120, Heidolph Instru-
ments, Germany) at 26 ± 2 ℃ in the dark. Then the pro-
toplasts were separated from undigested tissues by 
filtration through a nylon mesh (80–100  µm; Millipore, 
USA) and centrifuged (100 g for 5 min; MPW-223e, MPR 
Med Instruments, Poland; rotor type: MPR no 12,485). 
The pellet was resuspended in 8 ml of solution contain-
ing 0.5 M sucrose and 1 mM MES and overlaid with 2 ml 
of the W5 solution [70] for gradient centrifugation (145 g 
for 10 min). Viable protoplasts localized in the interphase 
between sucrose and W5 solution were transferred into 
a fresh tube, washed two times by centrifugation in W5 
solution (100 g for 5 min each) and left on ice until fur-
ther processing.

Development of dual fluorescence labelling of protoplasts
To select appropriate set of fluorochromes for labelling 
of parental protoplasts before fusion procedure, fluoro-
chromes with different spectral properties were tested 
i.e. emitting green fluorescence (fluorescein diacetate, 
FDA; Sigma), red fluorescence (rhodamine B isothiocy-
anate, RBITC; Sigma) and blue fluorescence (scopoletin; 
Sigma). Due to the limited availability of D. carota subsp. 
gadecaei seeds, the optimization of protoplast labelling 
was carried out on protoplasts isolated only from culti-
vated carrot ‘Dolanka’. To find out the proper conditions 
for stable and strong fluorescence of labelled protoplasts 
two concentrations of FDA (15 and 75  µg  ml−1) and 
RBITC (1.25 and 2.5  µg  ml−1) were examined. For that 
purpose, working solutions of FDA and RBITC were pre-
pared by dissolving 30 µl or 150 µl of 0.5% FDA acetone 
stock solution (Table 7) and 2.5 µl or 5 µl of 0.5% RBITC 
stock solution in 10  ml 0.4  M mannitol. Then the indi-
vidual working solutions were mixed with purified pro-
toplasts and incubated in the dark, at room temperature 
for 10 min. In case of scopoletin five concentrations were 
examined i.e.: 25, 50, 75, 100 and 125 µg ml−1. Scopoletin 
staining was carried out during an overnight enzymatic 
digestion of the donor tissue by applying appropriate 
volume of 0.1% scopoletin stock solution (Table  7) to 
enzyme solution.

In all labelling variants, after incubation with indi-
vidual fluorochromes, protoplast suspension was puri-
fied from unbound dye molecules by centrifugation in 
cold 0.4 M mannitol (pH 5.8) from 1 to 4 times (100 g for 
5  min each). After washing step, protoplasts were care-
fully resuspended in mannitol solution, mixed in ratio 
1:1 (v/v) in three pairs of colour variants (i.e. (1) scopole-
tin- with RBITC-stained protoplasts, (2) scopoletin- with 

Table 6  Seed source and somatic chromosome number (2n) of 
Daucus accessions used for protoplast cultures

Genetic Resources Unit (Wellesbourne, UK) number, 2n somatic chromosome 
number

OP open-pollinated, HRI Horticulture Research International, 

Accession Seed source 2n

D. carota subsp. sativus Poland, OP cv. Dolanka 18

D. carota subsp. gadecaei UK, HRI 7160 18
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FDA-stained protoplasts and (3) FDA- with RBITC –
stained protoplasts) and incubated on ice for 1  h. The 
protoplast mixture was then observed under a fluores-
cent microscope (Axiovert S100, Carl Zeiss, Germany) 
to assess whether unbound dye particles were completely 
removed during the washing step, and thus, no cells 
emitting dual fluorescence were visible before fusion 
treatment. The final stage of the protoplast labelling pro-
cedure involved the selection of the most suitable pair of 
fluorochromes for further detection of hybrid cells. Dur-
ing this step the following characteristics were taken into 
account: intensity of fluorescence, presence of the back-
ground signal, retention of dye in the cells and lack of dye 
diffusion from solution to protoplasts.

Effect of fluorochromes on protoplast development
Both, stained and control (unstained) ‘Dolanka’ pro-
toplasts were suspended in 0.4 M mannitol and then 
their density was adjusted to 8 × 105 protoplasts per ml. 
Prepared protoplast suspensions were mixed in ratio 
1:1 (v/v) with 2.8% filter-sterilized alginate solution 
(Sigma; [17]) and 300  µl protoplast-alginate mixture 
was gelated (as thin alginate layer) in 6  cm Petri dishes 
on Ca-agar medium composed of 1% (w/v) plant agar 
(Biocorp), 20  mM CaCl2 and 0.4  M mannitol for 1  h at 
room temperature. In the next step, alginate layers were 
transferred into 6  cm Petri dishes containing 4  ml CPP 
medium (according to [14]) additionally supplemented 
with 200 nM PSK (phytosulfokine-α, PeptaNova GmbH, 
Germany) and 200  mg  l−1 cefotaxime (Polfa Tarchomin 
SA, Poland), hereinafter referred to as protoplast culture 
medium (PCM). Cultures were incubated at 26 ± 2 ℃ in 
the dark for about two months.

In order to evaluate the effect of fluorochromes on pro-
toplast development, the ability to re-synthesis the cell 
wall and the plating efficiency were evaluated. To iden-
tify newly synthesized cell wall, staining of cellulose with 
calcofluor white (CW; Sigma) was applied to 48-h-old 
protoplast cultures. Briefly, 10  µl of 1% filter-sterilized 
CW water stock solution (Table 7) was added to 4 ml of 
PCM in Petri dish with protoplasts embedded in alginate 
matrix. After 10 min of incubation medium was replaced 
for the fresh one. The observations of cellulose deposition 

were performed under an inverted microscope equipped 
with the filter set appropriate for detection of blue fluo-
rescence of calcofluor-stained cellulose. Frequency of 
cells with newly synthesized cell-wall was determined 
and expressed as a percentage of cells with completely 
or partially reconstructed cell wall out of total observed 
cells. The plating efficiency, defined as the ability of single 
cells to form colonies through continuous mitotic divi-
sions, was assessed on the 10th and 20th day of culture 
and presented as the number of cell colonies per the total 
number of observed undivided cells and cell aggregates.

Establishment of thin alginate feeder layer system 
for development of manually selected protoplasts
Protoplasts of both parental components were used as 
nurse protoplasts in preparation of the feeder layer. For 
this purpose, after the purifying step, protoplast density 
was adjusted to 8 × 105 cells per ml. Then protoplasts of 
both parental forms were mixed in ratio 1:1 (v/v) and 
added to an equal volume of 2.8% filter-sterilized alginate 
solution [17]. For the feeder layer preparation, 100 or 
200 µl aliquots of nurse protoplast-alginate mixture were 
gelated as thin alginate layers in 6  cm Petri dishes on 
Ca-agar medium (see section Effect of fluorochromes on 
protoplast development) for 30 min at room temperature 
and then placed in a well of the 6-well multi-dish plate 
containing 4 ml of PCM, as described above. Protoplasts 
of cv. Dolanka or D. carota subsp. gadecaei were picked 
up from appropriate protoplast suspension using manual 
TransferMan NK2 micromanipulator (Eppendorf, Ger-
many) coupled with an inverted microscope. For the 
selection, an oil micro-injector equipped with 75 µm nee-
dles (Stripper Tips, Origio, Denmark) was used. About 
25 selected protoplasts were transferred to 20 µl droplet 
of alginate-PCM mixture (1:1, v/v) placed on Ca-agar 
medium. Four solidified droplets with embedded proto-
plasts were placed into a sterile insert with transparent 
PET (polyethene terephthalate) membrane of 8 µm pore 
size and density 6 ± 2 × 104  cm−2 (BD Bioscience, USA), 
immersed into a well of the 6-well multi-dish plate con-
taining PCM, and co-cultured with nurse protoplasts 
embedded in a thin alginate layer. Cultures were incu-
bated at 26 ± 2 ℃ in the dark for about two months.

Table 7  Stock solutions of fluorochromes used for protoplast labelling and cellulose detection

All stock solutions were filter-sterilized (0.22 µm, Millipore) and stored in aliquots in – 20 ℃

Fluorochrome Solvent Concentration 
(%)

Fluorescein diacetate (FDA) Acetone 0.5

Rhodamine B isothiocyanate (RBITC) dH2O 0.5

Scopoletin 0.6 M mannitol (pH = 9.0) 0.1

Calcofluor white (CW) NaOH + dH2O (pH = 10–11) 1.0
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Development of the electrofusion procedure 
for leaf‑derived protoplasts of carrot
The preliminary experiments for establishment of elec-
trofusion parameters were carried out in the micro-
fusion chamber (Eppendorf, electrode distance of 
0.2 mm) connected to the proper insert of the multipora-
tor (Eppendorf ). An aliquot of 20 µl of protoplast suspen-
sion in 0.4 M mannitol was pipetted on both electrodes 
of the fusion chamber placed under an inverted micro-
scope and the fusion events were monitored directly 
after applying an electric field. The alignment phase was 
optimised for the mixture of parental protoplasts, while 
the phase of membrane breakdown was monitored sepa-
rately for each parental component. The voltage pulse 
setup and its duration for the alignment phase was per-
formed by the use of alternating current (AC) within a 
range from 100 to 200 V in 25 V steps. Additionally, the 
time of cell-chain formation was tested in a range from 
10 to 40 s with 5 s steps. During these experiments, the 
number of cells per chain and level of cell deformation 
manifested by changes in the cell shape or cell membrane 
disruption were determined. The phase of membrane 
breakdown was set up by the use of direct current (DC) 
within a range from 1.5 to 2.5  kV  cm−1 in 0.5  kV  cm−1 
steps and pulse duration with a range from 40 to 100 µs 
in 10 µs steps. During this set of experiments, both the 
occurrence of complete fusion and the level of protoplast 
damage were monitored. After the phase of membrane 
breakdown, the post-alignment phase has been applied 
by the use of AC at a voltage of 50  V for 1 s. To track 
cell behaviour in an electric field and to evaluate the fre-
quency of hetero-fusion, FDA- and RBITC-stained pro-
toplasts were used, as described in section: Development 
of dual fluorescence labelling of protoplasts. Protoplasts of 
both parental components at the density of 4 × 105 cells 
per ml, stained separately with each fluorescent dye, were 
mixed in a ratio of 1:1 and then transferred to the micro-
fusion chamber. After applying the electric field, the fused 
(i.e. emitting dual-colour fluorescence) and non-fused 
(i.e. emitting one-colour fluorescence) protoplasts were 
visualised using proper filter sets mounted to the micro-
scope. Images from subsequent fluorescent channels 
were acquired and the frequency of dual-colour (green–
red) cells was assessed based on the merged images from 
both channels using ImageJ software [71]. Microscopic 
observations of the cell behaviour in the applied elec-
tric field served as a starting point for the optimization 
of electrofusion parameters in macro scale (i.e. in the 
macro-fusion chamber). For that purpose, FDA- and 
RBITC-stained protoplasts were mixed in equal vol-
umes and 250 µl of the protoplast suspension was care-
fully pipetted to the bottom of the Helix macro-fusion 
chamber (Eppendorf, electrode distance of 0.2 mm), then 

slowly screwed with the insert electrode to avoid forma-
tion of air bubbles, and connected to the proper insert 
of the multiporator. Electrofusion parameters were the 
same as applied in the micro-fusion chamber. After elec-
tric field treatment protoplasts were incubated in the 
fusion chamber on ice for 20 min. Then the suspension 
of fused and non-fused protoplasts (post-fusion mixture) 
was carefully transferred to 0.5  ml Eppendorf tube and 
diluted with cold 0.4 M mannitol in ratio 1:3 (v/v). After 
that, 100  µl of post-fusion mixture was transferred to a 
3.5  cm Petri dish and placed under the inverted micro-
scope. The frequency of green–red hybrids was counted 
and expressed as a percentage of green–red protoplasts 
out of total observed cells.

In order to evaluate the effect of the electric field on cell 
development, non-stained protoplasts at the density of 
106 for each parental component were fused in a macro-
fusion chamber, mixed in a ratio of 1:1 with sodium 
alginate solution (2.8%) and placed on Ca-agar medium. 
After gelation, protoplasts embedded in alginate layers 
were cultured in 6 cm Petri dishes with 4 ml of PCM. To 
assess the effect of the electric field on protoplasts (1) 
the cell’s viability, (2) the cell’s ability to resynthesise the 
cell wall, and (3) the plating efficiency were evaluated. 
The viability of cells was evaluated just after embedding 
in alginate matrix, by staining with FDA as described by 
Grzebelus et  al. [14], and expressed as a percentage of 
cells with green fluorescence out of the total observed 
cells. To identify newly synthesised cell wall, staining of 
cellulose with CW was applied to 72-h-old protoplast 
cultures (for staining details see section Effect of fluoro-
chromes on protoplast development) and frequency of 
cells with completely reconstructed cell wall was deter-
mined. Plating efficiency was assessed on the 10th and 
20th day of culture.

Manual selection of hybrid cells
After electrofusion, the post-fusion mixture was trans-
ferred to the 0.5  ml tube and kept on ice until the 
selection of hybrids. Before the manual selection, the 
post-fusion mixture was diluted in a ratio of 1:3 with 
0.4  M cold mannitol to avoid agglutination of proto-
plasts. An aliquot of 100  µl has been transferred to the 
3.5 cm Petri dish with a polymer coated bottom (µ-Dish, 
Ibidi, Germany). The covered Petri dish was placed under 
an inverted microscope (in unsterile conditions) and the 
lid was removed immediately before inserting the ster-
ile micromanipulator needle. Hybrid cells systematically 
emitting dual green–red fluorescence were identified 
using fluorescent mode of the microscope and picked up 
by the needle. The 20  µl droplet of alginate-PCM mix-
ture (1:1) was placed on the Ca-agar medium in 6  cm 
Petri dish. The covered Petri dish was transferred onto 
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the microscopic table, placed close to the needle holder 
of micromanipulator and the collected hybrids were gen-
tly immersed into the alginate droplet in such a way that 
the exposure time to unsterile conditions was as short as 
possible. The procedure was repeated until the cells in 
the post-fusion mixture aggregated. About 25 selected 
cells were inserted into one alginate droplet.

Hybrids culture, regeneration, and acclimatisation
After 20 min gelation of alginate, manually selected pro-
toplasts were cultured as described in the section Estab-
lishment of the thin alginate feeder layer system for the 
development of manually selected protoplasts. After 2 
months of co-culture with the feeder layer prepared from 
the suspension of ‘Dolanka’ and D. carota subsp. gade-
caei protoplasts, alginate droplets with tissue developed 
from selected putative hybrid cells were placed on filter 
paper, washed in 20  mM sodium citrate solution with 
0.2  M mannitol (pH = 5.8; [14]), then in CPPD medium 
containing 0.1  mg  l−1 α-naphthaleneacetic acid (NAA), 
0.2  mg  l−1 zeatin, pH = 5.6 [13] and placed on solidified 
R medium in 9 × 2.5  cm Petri dish (START™DISH, de 
Ville Biotechnology, Poland). The cultures covered with 
double filter paper were maintained in a climate room 
at 26 ± 2 ℃ under 16-h photoperiod and light intensity 
of 55  μmol  m−2  s−1. Two weeks later, the filter paper 
was removed, regenerating tissues were transferred 
onto fresh R medium and kept in the same conditions 
as mentioned above. Fully developed plants were trans-
planted to the moss-coconut fibre substrate (Ceres Inter-
national, Poland) and acclimatised to ex vitro conditions 
for 2 weeks in a climate chamber (MLR-352H, SANYO, 
Japan) at 18 ± 1  ℃ under 16-h photoperiod and light 
intensity of 30 μmol m−2 s−1. In the 1st week, the relative 
humidity was adjusted to 90% while in the second-week 
humidity was reduced by 2% every day. During the accli-
matisation plants were watered moderately.

Identification of somatic hybrids using the DcS‑ILP 
molecular marker system
To verify putative hybrids a PCR-based molecular marker 
system was chosen. We exploited transposition-based 
panel of DcS-ILP markers (Daucus carota Stowaway 
Intron Length Polymorphism markers) developed by 
Stelmach et  al. [38]. Total genomic DNA of the tested 
plant was isolated from fresh young leaves using a modi-
fied CTAB protocol [72]. The identification of somatic 
hybrids was a two-stage process. In the first step, DNA 
of twenty ‘Dolanka’ plants, nineteen D. carota subsp. 
gadecaei plants, and a plant representing doubled haploid 
line (DH1—the reference genotype; see [38]) were used 
for the screening for DcS-ILP markers systematically dif-
ferentiating the parental accessions. Then, in the second 

step, one hundred twenty-four putative ‘Dolanka’ ( +) 
D. carota subsp. gadecaei plants were genotyped using 
selected differentiating DcS-ILP markers to identify 
somatic hybrids. PCRs, electrophoresis and recording of 
electrophoretic bands were carried out as described by 
Stelmach et al. [38].

Microscopic observations and data analysis
All microscopic analyses were performed under an 
inverted Axiovert S100 microscope (Carl Zeiss, Ger-
many) using bright-field illumination or fluorescence 
mode conjugated with the appropriate Zeiss filter sets 
for FDA (filter set 16: λex = 485/20 nm, λem = 515 nm), 
RBITC (filter set 14: λex = 510–560 nm, λem = 590 nm) 
and scopoletin/calcofluor (filter set 02: λex = 365  nm, 
λem > 420  nm). Microscopic data acquisition was pro-
ceeded with a PowerShot G10 camera (Canon, Japan) 
and processed with AxioVision 4.8 (Carl Zeiss Micro-
Imaging) and ImageJ software [71].

All data were collected in three independent experi-
ments with a single treatment represented by three 
Petri dishes per repetition. Counts were carried out 
on 100–200 cells per single Petri dish. The mean val-
ues and standard errors were calculated. The overall 
effect of treatments was assessed using analysis of vari-
ance (ANOVA) with Tukey’s honestly significant differ-
ence (HSD) test to determine differences between the 
means. Significant differences were expressed at least at 
P = 0.05. The computations were performed using Sta-
tistica ver. 12 (StatSoft. Inc. 2014).
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