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Abstract

In this study we report the development of effective in vitro systems for a medicinal plant Nigella damascena L. compris-
ing: (1) callus induction, (2) somatic embryogenesis in callus cultures with subsequent plant regeneration, and (3) isolation
and regeneration of callus-derived protoplasts. Callus development was achieved on 83—100% of hypocotyl and cotyledon
explants, whereby Murashige and Skoog medium (MS) supplemented with 3 mg L~! 6-benzylaminopurine and 0.5 mg L™}
a-naphthaleneacetic acid (NAA; BN medium) was more advantageous than MS with kinetin and NAA (KN medium). His-
tological observations of calli revealed the presence of embryogenic zones from which somatic embryos developed on the
hormone-free medium. Plant regeneration was observed on 76-95% of calli. A high capacity to form somatic embryos and
regeneration was maintained in long-lasting cultures, i.e. even in 2 year old callus.

The obtained callus was also a good source tissue for protoplast isolation. By applying a mixture of cellulase and pectolyase,
the acceptable yield of viable protoplasts was achieved, especially from hypocotyl-derived callus maintained on BN medium.
Protoplasts embedded in an alginate matrix and cultured in modified Kao and Michayluk media re-constructed their cell
wall and re-entered mitotic divisions. About 30% of small cell aggregates formed microcalli, which, after the release from
alginate, proliferated continuously on KN and BN media, irrespective of the tissue variant used as the protoplast source.
Somatic embryo formation and plant regeneration were successful on hormone-free media. An effective plant regeneration
system of N. damascena protoplast cultures has been developed and is being reported for the first time.

Key message

The main objective of this study was to develop in vitro systems utilizing N. damascena seedlings, asan easily accessible
explant source, for efficient callus induction and proliferation, and plantregeneration via somatic embryogenesis. Moreover,
we attempted to validate the usefulness of theobtained callus as a source of protoplasts and their capability to develop into
plants.
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Introduction

The genus Nigella L. (Ranunculaceae) includes about 20
species (Boubertakh et al. 2013) that are mostly considered
weeds, but also used as ornamentals and species valuable
in traditional medicine, e.g. N. sativa, N. damascena, N.
arvensis (Kokdil and Yilmaz 2005). Certain health prop-
erties of Nigella species have been proven experimentally
and adapted for treatments in modern medicine. N. sativa,
commonly known as black cumin, is the most studied spe-
cies of this genus and has been used to treat cardiovascular
diseases, diabetes (Charles 2013), and neurodegenerative
diseases (Noor et al. 2015), and anti-cancerogenic proper-
ties have also been reported (Khan et al. 2011). It has also
been shown that N. sativa exhibits anti-cancer activity due
to the presence of thymoquinone, the main component of
its essential oil. Another sesquiterpene, f-elemene, also
has great therapeutic potential, which, in turn, undergoes
intensive biosynthesis in N. damascena, an annual her-
baceous plant (D’Antuono et al. 2002; Edris et al. 2009).
N. damascena, commonly known as love-in-a-mist or
devil-in-the-bush, is native to the Mediterranean region
and West Asia, but today is grown as an ornamental plant
in temperate regions of Europe (Fico et al. 2000; Jabbour
et al. 2015). The entomophilous flowers consist of usually
blue petaloid sepals lying on lacy bracts and long-stalked
petals located at the base of the stamens (Zhao et al. 2011;
Liao et al. 2020). The seeds of N. damascena are produced
in bloated capsules that partially open on the dorsal and
ventral suture (Zohary 1983). They contain fatty acids
(linoleic, oleic, palmitic) (Telci et al. 2014), proteins (e.g.
albumin, glutein, globulin), and other biologically active
compounds, such as f-elemene and its precursor, germa-
crene A (de Kraker et al. 1998), which is valued for anti-
microbial activity, and damascenine, an alkaloid known
for antipyretic, analgesic, and anti-edematous properties.
In addition to the medicinal value, seeds of N. damascena
are also used as a food preservative and spice, due to their
strawberry-like scent that is determined by capronic and
butyric esters (Wajs et al. 2009).

Presently, plants are widely used in industry for the pro-
duction of different kinds of primary and secondary metab-
olites, which are used as dyes, fragrances, food additives,
insecticides, or drugs (Hussain et al. 2012). Plant cell and
tissue culture systems in bioreactors are commonly used
in the production of such active compounds (Ebrahimi
and Mokhtari 2017). However, to be able to synthesize
secondary metabolites in tissue cultures, appropriate tech-
niques need to be developed and work efficiently. Not only
is it necessary to effectively induce and proliferate callus
tissue/suspension cultures, but also to efficiently induce
the synthesis of metabolites (Mulabagal et al. 2004). It
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is known that if culture conditions are well optimized,
the in vitro culture systems may offer much more efficient
production than field grown plants (Mulabagal and Hsin-
Sheng 2004). In the biosynthesis of industrially exploited
metabolites, protoplast-based systems may also be use-
ful, as they give the opportunity to increase biodiversity
through cell fusion between closely and distantly related
species. In that way it is possible to develop materials that
are unique from a medical point of view, with increased
content or a new set of biologically active substances. In
addition, the ability of in vitro-derived tissues for plant
regeneration is a relatively important factor during other
in vitro-based techniques, such as genetic transformation
or CRISPR-based genome editing, which may serve as
an alternative way to generate new biodiversity. Thus far,
a limited number of protocols have been presented for
N. damascena and only for selected in vitro techniques.
Raman and Grayson (1974) described an efficient proto-
col for somatic embryo production in suspension cultures
but the applied procedure was time consuming and labo-
rious, as it was preceded by callus induction from floral
meristems and suspension culture initiation. In the sec-
ond existing report, callus was induced on the endosperm
tissue of mature seeds, however subsequent development
of somatic embryos was arrested at the globular stage,
probably due to triploid status of the cells (Sethi and Ran-
gaswamy 1976). More data concerning callus induction,
suspension culture initiation, and plant regeneration are
available for the closely related N. sativa (for review, see
Kazmi et al. 2019). It remains unrevealed whether there
is any analogy between N. sativa and N. damascena in
response to cell and tissue culture in vitro. It has been
commonly reported that procedures developed for one
species can seldom be applied to its relatives, even of the
same genus, and they should be carefully refined at the
species, subspecies, cultivar, or even donor tissue level
(Eeckhaut et al. 2013; Shahzad et al. 2017; Bridgen et al.
2018; Grzebelus et al. 2019).

In light of the potential value of N. damascena cell or tis-
sue cultures for biotechnological applications, the main objec-
tive of this study was to develop in vitro systems utilizing N.
damascena seedlings, as an easily accessible explant source,
for efficient callus induction and proliferation, and plant regen-
eration via somatic embryogenesis. Moreover, we attempted
to validate the usefulness of the obtained callus as a source of
protoplasts and their capability to develop into plants.
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Materials and methods
Donor plant material

Seeds of Nigella damascena L. (provided by Polan—Pol-
ish seed company) were surface-sterilized by sequential
soaking in 70% ethanol for 10 min and 30% (v/v) sodium
hypochlorite for 20 min, followed by three washes in ster-
ile distilled water. After drying on a sterile paper, the seeds
were placed in plastic jars on solid germination medium
containing Murashige and Skoog mineral salts and vita-
mins (Murashige and Skoog 1962; MS medium; Duchefa
Biochemie, The Netherlands), supplemented with 30 g L™
sucrose (POCH, Poland) and 0.7% (w/v) agar (Biocorp,
Poland). Seeds were then incubated in a phytotron at 26 +
2 °C with a 16/8 h (light/dark) photoperiod (a light inten-
sity of 80 umol m~2 s~!) for 3 weeks.

Callus induction and plant regeneration from callus
tissue

Hypocotyl and cotyledon fragments, approximately 1
cm in length, were excised from donor seedlings and
used as explants for callus induction. Callus induction
was performed on two MS mineral media with vitamins
(Murashige and Skoog 1962) supplemented with 30 g
L~! sucrose and different compositions of growth reg-
ulators, i.e. 2 mg L™! kinetin (Duchefa) and 1 mg L™!
a-naphthaleneacetic acid (NAA; Duchefa) [KN medium]
or 3 mg L™! 6-benzylaminopurine (BAP; Duchefa) with
0.5 mg L™' NAA [BN medium]. Both media were adjusted
to pH 5.8 and solidified with 0.7% (w/v) agar (Biocorp).
Cultures were kept at 26 °C in the dark. Explants were
subcultured onto the same fresh media every 3 weeks.
Each experimental variant (explant/medium combina-
tion) was set up in three replications and each replication
was represented by 12—16 hypocotyl or 27-32 cotyledon
explants. After 6 weeks of culture, the callus formation
rate, expressed as a percentage of explants forming callus,
was evaluated for each variant. Obtained callus clumps
were transferred onto the hormone-free plant regeneration
medium containing MS salts and vitamins, supplemented
with an additional 1 mg L™! glycine (Duchefa), 20 g L™!
sucrose, adjusted to pH 5.8, solidified with 0.2% (w/v)
phytagel (Sigma-Aldrich, Germany), and incubated under
the same conditions as donor seedlings. Each regeneration
variant was set up in five replications and each replica-
tion consisted of five hypocotyl/cotyledon-derived callus
clumps. 3 week old cultures were subcultured once on a
fresh medium. The evaluation of the experiment was done
after 6 weeks of culture by determining the number of

regenerating callus clumps and the number of regenerated
plants per callus clump.

Hypocotyl- and cotyledon-derived callus tissues were
maintained for at least 2 years under in vitro conditions
with regular subcultures every 3 weeks on fresh KN or BN
media. After 2 years, their regeneration potential was exam-
ined again by transferring long-term callus tissues onto the
regeneration medium and plant regeneration was performed
as described above.

Histological observations of callus tissue
during regeneration

For histological examination, samples of tissue clumps col-
lected from the solid medium 4 weeks after induction of
regeneration, were fixed in freshly prepared 100 mM phos-
phate buffer (pH 7.2) containing 2% (v/v) formaldehyde
(POCH) and 3% (v/v) glutaraldehyde (POCH) for at least 48
h at room temperature (with vacuum infiltration within the
first 10 min). After fixation, the tissue samples were dehy-
drated in a graded ethanol series (10%, 30%, 50%, 70%, and
90% for 15 min each) and left overnight in absolute etha-
nol. The dehydrated material was embedded in Technovit®
7100 resin (Kulzer, Germany), according to the manufac-
turer’s protocol. When polymerized, the samples were sec-
tioned into slices of 4 pm thickness using a Leica RM2145
rotary microtome (Leica Microsystems GmbH, Germany)
with a Leica TC-65 carbide blade. The sections were then
stained with 1% (w/v) toluidine blue O (Sigma-Aldrich),
permanently mounted in Entellan® (Merck, Germany), and
examined under an Axio Imager.M2 microscope (Carl Zeiss,
Germany).

Isolation and culture of callus-derived protoplasts

As a source material, long-term (i.e. 5-14 months old)
cultures of hypocotyl- and cotyledon-derived callus tis-
sues maintained on KN and BN media were used. For each
experiment, protoplasts were isolated from callus tissue
grown for 2 weeks on fresh medium (Fig. 3a), following the
procedure described by Grzebelus and Skop (2014). Briefly,
before enzyme maceration, callus clumps were chopped
into small pieces in a preplasmolysis solution (0.5 M man-
nitol) and incubated for 1 h at room temperature. Release
of protoplasts took place overnight in a one-step protocol
by the simultaneous digestion of callus tissue in a mixture
of 1% (w/v) cellulase (Duchefa) and 0.1% (w/v) pectolyase
(Duchefa). For protoplast purification, the cell suspension
was separated from an undigested tissue matrix by filtration
through a nylon sieve following density gradient centrifuga-
tion. Before culturing in the protoplast medium, cells were
embedded in a filter-sterilized sodium alginate solution and
thin alginate layers were formed according to a previously
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established protocol (Mackowska et al. 2014). The final plat-
ing density of protoplasts embedded in an alginate matrix
was adjusted to 4 x 10° cells per ml. The alginate layers with
immobilized protoplasts were then transferred into 4 ml of
the liquid culture medium in 6-cm Petri dishes. The proto-
plast culture medium was based on the CPP medium (Dirks
et al. 1996) and consisted of macro- and microelements and
organic acids, according to Kao and Mychayluk (1975); vita-
mins, according to BS medium (Gamborg et al. 1968); 74 g
L~! glucose (POCH); 250 mg L™! casein enzymatic hydro-
lysate (Sigma-Aldrich) and growth hormones, as in callus
induction medium, i.e. 2 mg L™! kinetin and 1 mg L™! NAA
(CPP1 medium) or 3 mg L™! BAP and 0.5 mg L™! NAA
(CPP2 medium). Both media were adjusted to pH 5.6 and
filter-sterilized. Additionally, CPP1 and CPP2 media were
supplemented with 10, 100, or 1000 nM phytosulfokine-a
(PSK; PeptaNova GmbH, Germany; experiment no. 1), 50
or 100 uM putrescine (Pu; Sigma-Aldrich), and 50 uM Pu
and 100 nM PSK (experiment no. 2). For protoplasts isolated
from callus tissues that were maintained on KN and BN
media, CPP1 and CPP2, respectively, were used as basal
protoplast culture media. Protoplast cultures were incu-
bated at 26 + 2 °C in the dark. After 10 days of culture, the
medium with all supplements was replaced by a fresh one
for each culture variant.

Plant regeneration from protoplast-derived tissue

After about three months of protoplast culture, protoplast-
derived tissues were released from the alginate matrix by
incubation of the alginate layers in a 20-mM sodium citrate
solution, as described by Grzebelus et al. (2012a). Following
alginate solubilization, the alginate residues and citrate solu-
tion were removed from the CPP1- and CPP2-based cultures
by centrifugation (twice at 100xg for 5 min) in CPP1 and
CPP2 media, respectively. Finally, 1 ml aliquots of purified
mass tissues were plated on a filter-paper disk placed directly
in Petri dishes (90 X 25 mm) on the KN and BN medium,
respectively. The cultures were maintained at 26 + 2 °C in
the dark. Every 3 weeks, newly produced tissue was subcul-
tured on the same fresh media. For plant regeneration, callus
clumps were transferred onto the hormone-free medium and
incubated in a phytotron at 26 + 2 °C with a 16/8 h (light/
dark) photoperiod (a light intensity of 80 umol m~2 s™!),
with a 3-week interval subculture.

Data collection and analysis
Callus induction and plant regeneration
In experiments concerning callus induction and plant regen-

eration from hypocotyl- or cotyledon-derived callus, means
and the standard error of the means were calculated. Data

@ Springer

were subjected to two-way analysis of variance (ANOVA)
using Statistica ver. 12 (StatSoft, Inc. 2014). Tukey’s post-
hoc test was used to determine significant differences
between the means.

Protoplast cultures

Protoplast yield, expressed as the number of protoplasts
per gram of fresh weight (FW) of callus tissue, was deter-
mined using the Fuchs-Rosenthal counting chamber. The
viability of embedded protoplasts was assessed by staining
the cultured cells just after immobilization with fluorescein
diacetate (FDA), according to Anthony et al. (1999), and
presented in percentages. Plating efficiency was determined
in 10 day old cultures and expressed as the number of cell
aggregates per total number of observed undivided cells
and cell aggregates (x100). Microscopic observations of
protoplast cultures were performed under an Axiovert S100
microscope (Carl Zeiss) equipped with a filter set appropri-
ate for FDA detecting (Ag, = 485 nm, Ag,, = 515 nm).

For replications, at least five to nine independent proto-
plast isolation experiments with a single treatment repre-
sented by three Petri dishes were carried out. Microscopic
observations were performed on 100-200 cells per Petri
dish. The overall effect of treatments was determined using
ANOVA in Statistica and Tukey’s honestly significant dif-
ference test was used for mean separation.

Before releasing protoplast-derived tissue from the algi-
nate matrix, the level of culture development was determined
according to a two-step descriptive scale and expressed as
poor growth of callus tissue if alginate layers were not over-
grown with callus (+) or good growth of callus tissue if
alginate layers were overgrown with callus (+++). Similarly,
a descriptive scale was used in case of plant regeneration;
for each culture variant, only events of proembryonic mass
and somatic embryos formation, as well as plant develop-
ment, were noted.

Results
Callus induction

Nigella damascena seeds germinated with a relatively low
efficiency (< 15%, data not shown) and despite rigorous
seed-surface sterilization, fungal contamination was still
encountered. Nevertheless, after 3 weeks of culture initia-
tion, well-developed seedlings were obtained. Hypocotyl-
and cotyledon-derived explants were cultured in the dark
on two different media. Callus appeared on both explant
types in the first 3 weeks of culture and its growth was fast.
However, callus formation of the hypocotyl-derived explants
was more effective compared to the cotyledon-derived ones,
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Table 1 Callus induction efficiency depending on media composition
and type of explants

Callus Explant type Total number of  Callus formation
induction explants rate® (%) Mean +
medium ——————— SE
Cultured Induc-
ing
callus
KN Hypocotyl 48 40 83 +9.6"
Cotyledon 96 95 99 + 1.3%
BN Hypocotyl 40 40 100 + 0*
Cotyledon 83 83 100 + 0*

*Number of explants forming callus/total number of cultured explants
x 100

KN = MS medium + 2.0 mg L~ kinetin + 1.0 mg L' NAA; BN =
MS medium + 3.0 mg L™! BAP + 0.5 mg L™ NAA

Means followed by the same letter were not significantly different at
P=0.05

covering 50% of the explants’ surface. During further cul-
ture, the callus tissue covered the whole explant and pro-
liferated efficiently (Online Resource 1). Regardless of the
medium used, the hypocotyl-derived callus was intensely
yellow, while the cotyledon-derived callus was almost white
and matte. No symptoms of tissue darkening or dying were
observed.

Callus induction in all tested combinations of explants
and media were effective (Table 1). In general, callus was
more frequently formed on cotyledons than on hypocotyls
(P =0.02), and on BN medium than on KN medium (P =
0.01). Using BN medium containing BAP and NAA, callus
was obtained on all explants, regardless of the explant type.
A similarly high efficiency of callus induction was observed
when cotyledons were cultured on KN medium containing
kinetin and NAA. Only the incubation of hypocotyls on the
KN medium gave a lower percentage of callus formation

(83%).

Plant regeneration from callus tissue

6 week old calli were transferred to hormone-free regener-
ation medium and after 2 weeks of culture, shoot develop-
ment was observed on almost every callus clump (Fig. 1).
The pattern of morphogenesis indicated their origin from
somatic embryos. Plant regeneration occurred on over
95% of hypocotyl-derived calli, regardless of the medium
used at the callus induction stage. In general, the regenera-
tion efficiency was independent of the medium used for
callus induction (P = 0.18), while the explant type had
a significant impact (P < 0.01). The efficiency of plant
formation from cotyledon-derived callus proliferated on
BN medium was comparable to the regeneration from

hypocotyl-derived callus, while significantly lower effi-
ciency was noted when the KN medium was used (76%).

The number of regenerated shoots depended on both
the explant type and medium composition (P < 0.05). The
largest number of regenerated plants was obtained from
hypocotyl-derived callus proliferated on KN medium,
which was on average six plants per one callus clump.
For other explant and media combinations, the number
of regenerated plants was almost halved. In vitro pro-
duced plants were characterized by well-developed leaves
and roots with root hairs and showed no morphological
abnormalities.

Long-term cultures had no visible adverse effects on
callus cultures. After 2 years of culture, efficient somatic
embryo formation and plant production was achieved from
all experimental variants when callus was transferred onto
the regeneration medium (Fig. 1¢). Conversion of somatic
embryos into plants occurred 2 weeks after callus culture
on hormone-free medium and the efficiency of plant devel-
opment was at a similar level as the efficiency obtained
from a short-term callus culture (data not shown).

Histological observations of regeneration
from callus tissue

Microscopic observations of callus histological sections
revealed distinguishable embryogenic and non-embryo-
genic zones (Fig. 2a). In contrast to the large, vacuolated
cells of the non-embryogenic tissue that was loosely
arranged with wide intercellular spaces, the embryogenic
clusters were composed of small-sized, compact cells of
isodiametric shape, with large, dark blue-stained nuclei
and prominent nucleoli, indicating their meristematic
nature. Such multicellular meristematic masses gave rise to
somatic embryos, of which various developmental stages
were observed (Fig. 2a—e). The formation of somatic pro-
embryos with the presence of a suspensor-like structure
was also detected (Fig. 2a). From the embryogenic clumps,
globular-shaped embryos formed, surrounded by a dif-
ferentiating embryonic epidermis (protoderm) (Fig. 2b)
and further developed into heart-shaped embryos, in
which the protoderm was more distinct and the cotyle-
dons were clearly shaped (Fig. 2c—d). In some cases, the
embryos were attached to the callus tissue by multicellular
suspensor-like structures, however, they were not always
observed. In mature embryos, the basal domain, compris-
ing the hypocotyl, radicle, and primary root meristem, was
fully developed (Fig. 2e), with intensive cell divisions in
the meristematic region (Fig. 2e, arrows). Occasionally,
areas of vascular tissues were scattered within the non-
embryogenic mass (Fig. 2f).
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Fig.1 Efficiency of plant regeneration from callus tissue of Nigella
damascena. a Plant regeneration from hypocotyl- and cotyledon-
derived callus (induced on KN or BN medium) after 6 weeks of cul-
ture on hormone-free medium; b regenerated plant; ¢ regeneration on
2 year old callus; d regeneration efficiency expressed as the percent-
age of regenerating callus clumps and the average number of regen-

Yield and viability of callus-derived protoplasts

After overnight incubation of hypocotyl- and cotyledon-
derived callus tissue in a cell wall-digesting enzyme mix-
ture, spherical protoplasts of different sizes were released
(Fig. 3b). Most of them were bright with a densely organized
cytoplasm, while some were yellow, probably due to the
presence of carotenoids or sterols. The efficiency of proto-
plast isolation reached, on average, about 3 X 10° cells perg
of callus fresh weight (Table 2). The most efficient protoplast
isolation was achieved from hypocotyl-derived callus grown
on BN medium, while the use of any other protoplast source
reduced the number of released protoplasts by almost half.
The quality of released protoplasts was determined by using
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FDA staining and 49 to 65% of protoplasts emitted apple-
green fluorescence (Fig. 3¢c); hence, they were considered
viable. Cell viability reached, on average, 57% and did not
vary significantly (P = 0.30) among source tissues.

Development of protoplast cultures

Up to the fifth day of culture, most protoplasts changed
shape from spherical to oval, which was the morphologi-
cal evidence of cell wall reconstruction. Other structural
changes preceded the first mitotic division, such as reor-
ganization of the cytoplasm and cell organelles (Fig. 3d).
Both asymmetric and symmetric cell divisions took place
(Fig. 3e—f) and in 10 day old protoplast cultures, the first
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Fig.2 Somatic embryogenesis in Nigella damascena from hypoco-
tyl- and cotyledon-derived callus tissues. a Embryogenic (em) and
non-embryogenic (nem) masses within the callus tissue (arrowhead
— suspensor-like structure); b—e somatic embryos at different stages
of development: b globular-shaped embryo; ¢ early heart-shaped

multicellular aggregates (Fig. 3g) were formed. In such early
cultures, the plating efficiency demonstrated by the number
of cell aggregates was high and reached, on average, 88%
in CPP1 and CPP2 control cultures. The number of forming
cell aggregates was high and comparable in all types of cul-
ture variants. In the experiment using protoplasts originating
from hypocotyl-derived callus (experiment no. 1), no effect
of PSK on the plating efficiency was found, independent of
the applied PSK concentration (P = 0.96; Fig. 4a). Similarly,
no significant difference in plating efficiency was observed
after media supplementation with Pu or Pu + PSK, inde-
pendent of the protoplast source used (experiment no. 2) (P
=0.92; Fig. 4b).

Mitotic divisions were arrested over time in most cell
aggregates identified in 10 day old cultures. Only approxi-
mately 30% of aggregates continued their growth that finally
led to the formation of a microcallus (Fig. 3h—i).

In general, 60 day old protoplast cultures originating
from hypocotyl-derived callus had poor growth of proto-
plast-derived callus tissue, regardless of the basal protoplast

embryo; d late heart-shaped embryo; e basal domain of a mature
embryo with radicle (arrows indicate dividing meristematic cells);
f developing vascular tissue (dotted line) within non-embryogenic
mass; bd basal domain, co cotyledons, pe pro-embryo, pd protoderm.
Scale bar: 50 um

culture medium used (CPP1 or CPP2) and PSK, Pu, or Pu
+ PSK supplementation (Table 3). Only callus developed
from protoplasts originating from cotyledon-derived callus
proliferating on KN medium was characterized by vigorous
growth, which was manifested by the alginate layers being
overgrown with intensively growing microcalli.

Plant regeneration from protoplast-derived tissue

Protoplast-derived callus tissue released from the alginate
matrix proliferated continuously on KN and BN media, irre-
spective of the tissue variant used as the protoplast source
and conditions of protoplast culture (Fig. 3j). On average,
tissue mass was doubled after each subculture. The pattern
of plant regeneration was similar to that described above in
the section on plant regeneration from callus. After approxi-
mately 2 weeks of culture on hormone-free medium, all vari-
ants of protoplast-derived callus tissue, proembryonic mass
(Fig. 3k), and somatic embryos at different developmental
stages (Fig. 31-n) were recognized. Finally, after about two
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«Fig. 3 Plant regeneration from callus-derived protoplasts of Nigella
damascena L. a Donor callus tissue for protoplast isolation; b freshly
isolated protoplasts from callus tissue; ¢ fluorescence of viable pro-
toplasts stained with fluorescein diacetate; d reorganization of cyto-
plasm and localization of cell organelles in protoplasts before the
first mitotic division; e asymmetric mitotic division of a protoplast;
f daughter cells after the first symmetric mitotic division; multicel-
lular aggregate in 10 (g), 20 (h) and 60 day old (i) protoplast cultures;
J protoplast-derived callus tissue three months after protoplast isola-
tion; k embryogenic callus tissue (the inset shows a higher magni-
fication of the embryogenic mass); l-n subsequent stages of plant
regeneration from somatic embryos; o regenerated plants after accli-
matization to ex vitro conditions. Scale bars: 20 pm (e), 50 um (b-d,
f-g), 100 um (h), 200 um (i), 0.5 cm (j-k, m-n), 1 cm (a, 1), 3 cm (o)

months of regeneration, fully developed plants, ready for
ex vitro acclimatization, were produced. Individual plants
transplanted to the soil had successfully undergone the accli-
matization process.

Discussion

Despite the importance of N. damascena as a medicinal
plant, research focused on the utilization of in vitro cultures
in this species is limited. Available reports mainly concern
N. sativa, a closely related species. The effectiveness of cal-
lus induction depends on many factors, including explant
source, medium composition, temperature, growth condi-
tions, and donor plant variety, among others. The combina-
tion of cytokinins and auxins promoted callus induction in
N. sativa (Chaudhry et al. 2014). By incubating leaf frag-
ments and epicotyls with light on the medium containing
2 mg L' kinetin and 1 mg L™' NAA, they obtained cal-
lus on up to 83% of explants. The combined use of 0.5 mg
L~! BAP with 0.5 mg L™! NAA allowed effective induction
of callus from N. sativa leaf explants (Hoseinpanahi et al.
2016). However, no callus was obtained when hypocotyl
explants were used (Chaudhry et al. 2014). In N. damascena,
floral meristems were used as explants and effective callus
induction of these explants was achieved in the presence of
2,4-dichlorophenoxyacetic acid (2,4-D) and coconut milk
(Raman and Grayson 1974). The use of meristems in tissue
culture is troublesome and is associated with the need for
long-term maintenance of plants under in vitro conditions
or the introduction of plants to ex vitro conditions, which is
often associated with significant contamination. In the pre-
sent study, for the first time, callus was induced from defined
fragments of young seedlings, i.e. cotyledon and hypocotyl
explants, which can be easily obtained in large numbers and
in a relatively short time. Callus tissue developed very inten-
sively, regardless of the origin of the explants, reaching as
high as 100%. In our study, two combinations of cytokines
and auxins were used, as was the case with N. sativa. How-
ever, the effect of the combination of plant growth regulators

was insignificant, only when callus was induced on hypoco-
tyls in the presence of kinetin and NAA, a notable decrease
in efficiency was observed. But even so, the callus induc-
tion efficiency was much greater in N. damascena than in
N. sativa. Also, the dynamics of callus growth was similarly
intensive among the tested media compositions and explant
types because after 4-5 weeks of culture, all explants were
covered with callus.

Somatic embryogenesis is a powerful biotechnological
tool that can be exploited for various applications, including
clonal propagation, plant improvement and germplasm con-
servation; it also offers an excellent system to study embryo
and early plant development, morphogenesis, and genetic
transformation (Zimmerman 1993; Hutchinson et al. 1996;
Demeter et al. 2010; Gerdakaneh et al. 2011). Among the
examples of genera from the family Ranunculaceae in which
somatic embryogenesis has been employed, there are, for
instance, Aconitum (Giri et al. 1993), Actaea (Pinker and
Wernicke 2017; Pinker and Schenk 2018), Clematis (Man-
degaran and Sieber 2000), Hepatica (Szewczyk-Taranek and
Pawtowska 2015), Pulsatilla (Lin et al. 2011), and Ranun-
culus (Beruto and Debergh 1992; Xu et al. 2019). Only a
few published reports concern somatic embryogenesis for
N. sativa (Elhag et al. 2004) and N. damascena (Raman
and Greyson 1974; Sethi and Rangaswamy 1976), in which
the culture media were supplemented with NAA or kinetin.
However, up to now, only Raman and Greyson (1974) pre-
sented successful production of mature somatic embryos in
suspension cultures initiated from floral meristem-derived
callus, whereas Sethi and Rangaswamy (1976) obtained
embryos by culturing endosperm tissue on solid media.
Here, we were able to efficiently induce indirect somatic
embryogenesis on hypocotyl- and cotyledon-derived cal-
lus in all tested culture media variants. Such an indirect
approach generally leads to the formation of both embryo-
genic and non-embryogenic calli. These two types of tissues
can be easily distinguished according to their morphology
and color, since they exhibit differences in their histologi-
cal structures and cellular features (Shang et al. 2009; Car-
valho et al. 2013), as also evidenced in histological sections
examined in our study where typical developmental stages
of somatic embryogenesis (i.e. globular-, heart-, torpedo-
shaped, and cotyledonary stage embryos) were recognized.
Moreover, all the embryo stages were often detected on or
within the same embryogenic callus, as similarly observed
in previous studies dealing with different species of Ranun-
culaceae (Elhag et al. 2004; Pinker and Wernicke 2017).

We have developed an effective method for somatic
embryo production to obtain more than six plants from one
regenerating callus clump in less than 6 weeks. The conver-
sion of somatic embryos into plants was performed on hor-
mone-free media supplemented with an increased amount
of glycine. Similarly, Kumar and Roy (1996) reported
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Table2 Yield and viability of callus-derived protoplasts of Nigella
damascena

Explant type used Callus Protoplast yield  Protoplast

for callus induc-  induction (><105/g FW) viability (%)
tion medium
n Mean+SE n Mean+ SE
Hypocotyl KN 9 22+03b 9 543+53°
BN 9 49+07a 9 64.9 +6.4*
Cotyledon KN 5 29+1.1ab 6 48.7+3.6°
BN 5 27+05ab 6 583+54%
Mean/Total 28 33+04 30 57.1+29

FW fresh weight, n number of independent protoplast isolations
KN = MS medium + 2.0 mg L' kinetin + 1.0 mg L~' NAA; BN =
MS medium + 3.0 mg L™! BAP + 0.5 mg L™ NAA

Means followed by the same letters within a column were not signifi-
cantly different at P = 0.05

the effective maturation of somatic embryos in N. sativa
on hormone-free media. Additionally, Elhag et al. (2004)
used various combinations of NAA and 2,4-D in both solid
and liquid media and induced somatic embryos formation
in N. sativa, but the conversion into plants has never been
observed. Based on the obtained results in this research for
N. damascena, it can be concluded that somatic embryogen-
esis is the most effective in callus derived from hypocotyls
exposed to MS medium supplemented with 2 mg L~! kinetin
and 1 mg L™! NAA. It should also be emphasized that at the
same time, callus induction on this medium from hypocotyl
explants was the least effective.

Plant protoplasts can be isolated from various plant
organs and their tissues by enzymatic digestion of source
tissue leading to cell wall removal. Theoretically, protoplasts
are totipotent which means they have the ability to de-dif-
ferentiate, re-construct the cell wall, re-enter the cell cycle,

Fig.4 Plating efficiency in
10 day old callus-derived
protoplast cultures of Nigella
damascena using CPP1 or

(a) Experiment no. 1

Protoplast medium

ECPP1  =CPP2

CPP2 protoplast media sup- i

plemented with different plant
growth regulators. a Effect

of phytosulfokine (PSK) on
protoplasts originating from
hypocotyl-derived callus; b
effect of putrescine (Pu) alone
and in combination with PSK
on protoplasts originating from
either hypocotyl- or cotyledon-
derived callus; 50 Pu, 100 Pu
= 50 or 100 uM putrescine,
respectively; PSK = 100 nM
phytosulfokine
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Table3 Callus development in 60 day old protoplast cultures of
Nigella damascena, depending on the protoplast source, basal
medium (CPP1 or CPP2), and combination of phytosulfokine and
putrescine

Protoplast Phyto- Putrescine Callus development on
source sulfokine  (Pu) media*
(PSK)
(nM) M) CPP1 (KN) CPP2 (BN)
Hypocotyl- 0 0 + +
derived cal-
lus (exp. 1)
10 0 + +
100 0 + +
1000 0 + +
Hypocotyl- 0 0 + +
derived cal-
lus (exp. 2)
0 50 + +
0 100 + +
100 50 + +
Cotyledon- 0 0 +++ +
derived cal-
lus (exp. 2)
0 50 +++ +
0 100 +++ +
100 50 +++ +

*Protoplasts in CPP1 medium originated from callus maintained on
KN medium while those in CPP2 medium originated from callus
maintained on BN medium. (+) poor callus growth; (+++) intensive
callus growth—alginate layers were overgrown with callus. exp. I
and exp. 2—independent experiments

go through repeated mitotic divisions, and then proliferate
and develop into unorganized callus tissue, individual plant
organs, or complete plant organisms (Eeckhaut et al. 2013).
This property makes protoplasts a convenient material in
basic research focused on cell biology and mechanisms of
cell differentiation, as well as in universally understood bio-
technology, including somatic hybridization to generate new
genetic diversity via protoplast fusion (Jiang et al. 2013).
Although there are some known protocols for protoplast-
to-plant systems in a number of species (Davey et al. 2005;
Godel-Jedrychowska et al. 2019), especially cultivated spe-
cies, the efficiency to regenerate complete plant or even
callus tissue is still low or occasional. In comparison to
agricultural crops, there is a limited number of reports on
protoplast cultures applied to medicinal plants (Pan et al.
2003; Thomas 2009; Aoyagi 2011; Eeckhaut et al. 2013)
and only two of them refer to N. sativa (Jha and Roy 1979)
and N. damascena (Binding et al. 1981).

To our best knowledge, the data presented here demon-
strate, for the first time, a complete and successful protocol
for plant regeneration in protoplast cultures of N. damascena.

The proposed system of protoplast isolation and regeneration
is based on the protocol established for carrot (Grzebelus
et al. 2012a; Grzebelus and Skop 2014; Mackowska et al.
2014) and includes: (1) preplasmolysis of source tissue; (2)
enzymatic digestion of source tissue in a mixture of cellulase
and pectolyase; (3) embedding of purified protoplasts in a
filter-sterilized alginate matrix; (4) culture of embedded pro-
toplasts in liquid, modified CPP medium supplemented with
callus-inducing growth hormones; (5) release of protoplast-
derived tissue from the alginate matrix; (6) multiplication of
protoplast-derived tissue on callus induction media; and (7)
maturation of somatic embryos and plant regeneration on a
hormone-free medium.

The conditions applied to protoplast isolation from N.
damascena callus tissue obtained acceptable protoplast
yield, i.e. about 3x10° cells per g of callus fresh weight,
with the average cell viability reaching 60%. These values
have been considered sufficient for most protoplast-based
applications (Davey et al. 2010; Mackowska et al. 2014;
Godel-Jedrychowska et al. 2019). Callus tissue is a much
more convenient protoplast source than the more common
suspension cultures, which are an excellent source of pro-
toplasts due to their high embryogenic ability, however, the
establishment and maintenance of suspension culture are
laborious and time consuming (Grzebelus et al. 2012a). We
have found that callus-derived protoplasts of N. damascena
have a high potential to re-construct the cell wall and to
re-enter mitotic divisions in early cultures. The plating effi-
ciency recorded in basal protoplast culture media (CPP1
and CPP2) reached about 90%, while even three times
lower values are commonly considered satisfactory (Grze-
belus et al. 2012b; Mackowska et al. 2014; Kietkowska and
Adamus 2019). Due to such high mitotic activity of cells
at the early-stage cultures, additional supplementation of
culture media with different concentrations of PSK, Pu, or
a combination of PSK and Pu was ineffective. The positive
effect of PSK, a peptidyl plant growth factor, on cell prolif-
eration was reported for the first time by Matsubayashi and
Sakagami (1996) in mesophyll cell cultures of Asparagus
officinalis. It was also shown to playing a role in diverse
aspects of plant development and reproduction, including
the formation of tracheary elements and adventitious roots
(Yamakawa et al. 1998; Matsubayashi et al. 1999), somatic
embryogenesis (Ochatt et al. 2018; Galuszka et al. 2019),
and pollen germination (Chen et al. 2000). Thus far, its abil-
ity to promote mitotic activity was confirmed in numerous
suspension and protoplast cultures of both monocotyledon-
ous and dicotyledonous species (Matsubayashi et al. 1997,
2004; Mackowska et al. 2014; Kietkowska and Adamus
2017, 2019) and as a cell division promoter, PSK-treatment
may be particularly preferred in cell cultures of so called
recalcitrant species (Grzebelus et al. 2012b). Similar to
PSK, exogenous application of Pu, a plant growth regulator
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belonging to the polyamines, among others, may stimulate
cellular divisions, as it was demonstrated in embryogenic
cultures of Araucaria angustifolia (Steiner et al. 2007) and
Picea abies (Vondrakova et al. 2015). The results presented
here strongly show that early-stage cultures of N. damascena
protoplasts do not need chemical nursing with PSK, Pu, or a
combination of both. However, we cannot exclude the pos-
sibility that the concentrations of these compounds present
in late-stage cultures were too low to be effective.
Although in late-stage cultures further growth of most
cell aggregates was arrested, a sufficiently large number of
them developed into the mini-callus stage and were easily
proliferated on callus induction media. This specific pattern
of protoplast and protoplast-derived callus development is
similar to that reported for N. sativa protoplasts (Jha and
Roy 1979). It might be speculated that the differences in
cell proliferation rate in protoplast cultures originating
from hypocotyl- and cotyledon-derived callus are linked to
a tissue specific gene expression profile in the initial cal-
lus used for protoplast isolation following incomplete cell
differentiation process during protoplasting. It seems that
the transfer of protoplast-derived tissue, such as hypoco-
tyl- and cotyledon-derived callus, to hormone-free media
with light conditioning stimulates somatic embryogenesis,
as well as maturation of somatic embryos and their conver-
sion into plants. Similarly, such a convenient regeneration
system from protoplast culture has been established for car-
rot, a model species for plant tissue culture (Grzebelus et al.
2012a; Mackowska et al. 2014; Kietkowska et al. 2019).

Conclusions

In this study, we established a simple and effective plant
regeneration system for Nigella damascena L. via indirect
somatic embryogenesis, using cotyledons and hypocotyls
as a source of explants for callus induction. Both types of
explants displayed a high callus induction potential when
cultured on two different MS-based media supplemented
with either kinetin and NAA (KN medium) or BAP and
NAA (BN medium), however, the latter appeared to be
more effective. The greatest plant regeneration capacity was
observed for callus developed from hypocotyl explants on
KN medium and then cultured on hormone-free medium,
which had the largest number of regenerated plants. Irre-
spective of callus origin, N. damascena callus tissue cul-
tured for a period of over 2 years maintained its regeneration
capacity at a level comparable to short-term culture. Here,
we also report, for the first time, an efficient procedure for a
plant regeneration system in protoplast cultures of N. dama-
scena, showing the versatility of the system used in carrot
and previously developed in our laboratory.

@ Springer

The protocol for callus induction and maintenance
described in this research paves the way for future experi-
ments aiming to study the biosynthesis of bioactive metab-
olites in N. damascena. Moreover, the presented plant
regeneration system provides an important tool for genetic
manipulation and further improvement of this valuable
medicinal plant. In addition, the protocol for protoplast iso-
lation and regeneration may be useful in producing somatic
hybrid cell lines, with unique composition of pharmaceuti-
cals, through protoplast fusion.
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