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Suspension culture of stem cells
established of Calendula officinalis
L.

Sarlota Kanukova'?, Klaudia Lenkavska?, Marcela Gubi$ova? & Jan Kraic%2**

Plant stem cell cultures have so far been established in only a few plant species using cambial
meristematic cells. The presence of stem cells or stem cell-like cells in other organs and tissues of the
plant body, as well as the possibility of de novo generation of meristematic cells from differentiated
cells, allow to consider the establishment of stem cell cultures in a broader range of species. This
study aimed to establish a stem cell culture of the medicinal plant Calendula officinalis L. Callus tissues
were induced from leaf and root explants, and already at this stage, stem and dedifferentiated cells
could be identified. The cell suspension cultures established both from the root- and leaf-derived calli
contained a high proportion of stem cells (92-93% and 72-73%, respectively). The most effective
combination of growth regulators for the development of stem cells in calli as well as cell cultures
was 1.0 mg/L 2,4-D and 0.5 mg/L BAP. The highest amount of stem cells (5.60-5.72 x 10°) was in cell
suspension derived from the roots. An effective protocol for the establishment of marigold stem cell
suspension culture was developed. The ratio of root-derived stem cells against dedifferentiated cells
exceeded 90%.

Abbreviations

CMC  Cambial meristematic cells

SCLCs  Stem cell-like cells

DDCs Dedifferentiated cells

MS Murashige and Skoog basal medium

1/2MS  Murashige and Skoog with half concentration of all components
2,4-D  2,4-Dichlorophenoxyacetic acid

IAA Indole-3-acetic acid

2iP 6-(y,y-Dimethylallylamino)purine

KIN Kinetin

BAP 6-Benzylaminopurine
TDZ Thidiazuron
SD Standard deviation

FCW Fresh cell weight

Calendula officinalis L. (calendula), commonly known as the pot marigold or marigold, is cultivated as an orna-
mental annual or naturally grown as a perennial flowering plant of the family Asteraceae, genus Calendula. It
has yellow or orange-colored edible florets that are also used as a dye in the production of foods and cosmetics.
However, more interesting are the various pharmacological properties and therapeutic potentials attributed to
flowers and leaves'. Calendula possesses many phytochemicals and pharmacological activities to be considered an
excellent source of new drugs®. Many of these bioactive substances find application as antioxidants in cosmetics’.
Extracts from calendula protect cells against UV radiation, stimulate skin cell regeneration, and improve skin
elasticity*. In addition, anti-inflammatory, antimicrobial, immunostimulatory, as well as spasmolytic, hypolipi-
demic, antidiabetic, cardioprotective, hepatoregenerative, pancreas-regenerating, neuroprotective, anticancer,
and other health-promoting effects, determine its applications in dermatology and medicine®. The Cosmetic
Ingredient Review Expert Panel concluded that all ingredients from calendula are safe for applications in cosmet-
ics under current practices®. Because of its interesting phytochemical composition, the traditional field growing
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of calendula plants is being replaced by the in vitro production of calendula cells and extracts from those cells
as active cosmetic ingredients’.

The in vitro cultivation systems in calendula can produce plantlets by micropropagation?®, but callus, cell
suspension, and hairy root cultures can provide a continuous supply of calendula bioactive metabolites*!°. The
induction of callus and its growth are fundamental steps for the establishment and applications of other plant tis-
sue cultures. Callus tissues themselves can be used to prepare extracts with properties like antibiotics!’, establish
cell suspensions'?, and protoplast cultures'. Hairy root cultures of calendula, induced by genetic transformation
with Agrobacterium rhizogenes, can also effectively produce secondary metabolites'®!*¢,

Different factors are responsible for the induction of callus in calendula, including genotype, explant type,
culture medium, exogenous growth hormones, and others'’~'°. These factors affect not only the callus induction
itself but also the growth parameters, morphogenetic capacity, and production potential of the callus. Cultivated
calli and cell suspension cultures derived from calli are currently the most used platforms for in vitro biosynthesis
of complex molecules or natural products, especially those with high economic value?. These in vitro production
systems exploit mainly dedifferentiated cells developed from the differentiated cells of initial explants or, most
often, a heterogeneous mixture of different types of cells. This approach has several limitations due to cellular
heterogeneity and genetic and epigenetic instability. This is manifested by the slow growth rate of dedifferenti-
ated plant cells, the lower yield of secondary metabolites, the aggregation of cells in the bioreactor, and mainly
by undesirable variation in these parameters?!. To overcome these problems and bypass the dedifferentiation
step, a new platform in plant cell cultures has been described. It tries to use the potential of innately undif-
ferentiated cambial meristematic cells (CMCs)*.. CMCs may provide a robust, cost-effective, environmentally
friendly platform and a sustainable source of plant cells and plant-derived natural products®*. CMCs have plant
stem cell properties*. They can actively divide, leading to the formation of different cells that eventually go
through a differentiation process, and at the same time, produce new stem cells?. Populations of stem cells can
be considered immortal. They are theoretically able to divide an unlimited number of times*® without being
adversely limited by plant source, location, harvest period, or prevailing environmental conditions. The growth
of stem cells (SCs) or stem cell-like cells (SCLCs) in culture in vitro is far superior to that of dedifferentiated cells
in solid format (callus culture) as well as in liquid format (suspension culture)®. Moreover, SCs and SCLCs in
suspension culture can tolerate shear stress, and the presence of small and abundant vacuoles avoids or reduces
cell aggregation in bioreactors®.

To date, several studies on CMCs have been reported, but only in a limited number of plant species, mainly
medicinal ones, e.g., Taxus cuspidata, Ginkgo biloba, Solanum lycopersicon®*, Panax ginseng*>*, Catharanthus
roseus®, Tripterygium wilfordii*’, Camptotheca acuminate®, Ocimum basilicum™, Fraxinus mandshurica®. How-
ever, no study has been presented on the establishment and cultivation of stem cell or stem-like cell suspension
cultures derived from Calendula officinalis L. Establishment of stem cell cultures in small volumes or in bioreac-
tors should ensure higher production of cells and secondary metabolites in comparison with the cultivation of
dedifferentiated cells in suspension cultures. Therefore, the aims of this work were to: (1) induce and characterize
callus cultures; (2) establish cell suspension culture and determine its basic parameters; and (3) establish and
characterize a line of stem cells or stem cell-like cells from Calendula officinalis L.

Results

Callus formation

The frequency of callus formation from leaf explants during the first 4 weeks was 100% using all combinations
of auxin and cytokinin in the callus induction medium. The root explants also developed callus tissue at 100%
frequency, but only in media containing 2,4-D as auxin. Lower frequencies (67-92%, rounded) were in media
containing IAA as auxin (Table 1). Callus formation on leaf explants had already been initiated earlier, 12 days
after they were placed on the induction medium. Root explants formed calli after 15 days. Callus formation after
4 weeks occurred along the entire length of root segments, while in leaf segments, calli were visible only on the
cutting wounds, but later calli overgrew the whole leaf explant. Significant differences (p <0.05) in the percentage
of callus formation were observed between the leaf- and root-derived explants.

The color of the calli that developed after 4 weeks varied according to the combinations of auxin and cyto-
kinin used. The calli were multicolored. However, lighter colors prevailed, mainly yellow. During subsequent
cultivation, the color gradually changed. After 16 weeks of cultivation (i.e., after three passages), most of them
partially or completely darkened to brown and black, and necrotization was also observed. The structure of a
callus usually relates to its quality, regarding the processes of morphogenesis and plant regeneration. After 4
weeks of cultivation, all calli induced both from leaf and root explants, regardless of combinations of growth
regulators, were compact. The compact callus had a firm texture that could not be easily cut. But, already after
the first and subsequent passages, its structure changed to watery soft and watery soft friable, especially if the
2iP was used as a cytokinin (Table 1).

Some combinations of growth regulators in the medium also induced the development of roots, already after
4 weeks of cultivation. This was observed in the combinations IAA +2iP and IAA +KIN in leaf explants, and
IAA +2iP and IAA + TDZ in root explants.

Callus growth

The highest average fresh weight of callus biomass derived from leaves (6.07 g) after 4 weeks of cultivation was
on the medium with the combination IAA +2iP (Fig. 1A). Unfortunately, these calluses developed roots, which
undesirably increased their weight. Moreover, after 8, 12, and 16 weeks, this combination of growth regulators
no longer produced the highest callus biomass weight. For this reason, this combination of growth regulators was
excluded from the following experiments aimed at analyzing the presence of stem cells. The average fresh weight
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Plant growth regulators Callus induction (%) | Callus weight (g) Callus structure Color of callus
Cytokinin (0.5
Explant type | Auxin (1 mg/L) | mg/L) 4weeks | 8weeks | 4 weeks 8 weeks 4weeks | 8weeks | 4 weeks 8 weeks
. Light brown,
BAP 100 100 2225+0.208% | 7.304+2.2004 C C gfg“:,‘r“l’ light orange, yellow,
gray
Licht vellow Yellow, orange,
2iP 100 100 2.315+0.1428 | 7.577+1.6194 C WSE Orin Z g light/dark brown,
24D 8 black
KIN 100 100 2.137+0.096® | 5.346+1.007% C C zfﬂfgzen"w’ E;lﬁ‘t"g”rgvrva;ge’
TDZ 100 100 1.907+03128 | 6.30240.729% C C Light yellow, ge“"w’ g{"‘“lfe’
Leaf orange rown, blaci
BAP 100 100 2444+0935° | 13.8942.588% | C c g\r’(})‘xg light ti%kxnyegr‘;‘g/g .
2iP 100 100 6.066+£4.258% | 9.911+3725% C WSF ](;Eﬁgze&;})yt/e S}rst“ege’ brown,
IAA o T -
KIN 100 100 1239+0.142° | 4.754+0.540" C C Z\r/:;:e /l];grl;;m Z\r/:rlge };ﬂ:’m
. Light yellow/
TDZ 100 100 3.110+1.038% | 8.150+0.5434 C C ];iﬁt Zen‘m/e orange/brown,
86 W dark brown
BAP 100 100 2.570+1.15945C | 7.094+2.019* C C gfgx‘:l’ light Zilr?;ve ']’;l‘;‘g("’
White, gray,
2iP 100 100 3.345+0.776F | 7.748+1.9954 C WSF/C t%i%}‘;fnye})lr‘;‘gg . gig“x g%;‘;/g ‘iark
2.4-D black
Yellow, orange,
KIN 100 100 3.581+£0.3224 6.910+1.1354 C C Yellow, brown light/dark brown,
black
TDZ 100 100 2.129%0.5590 | 6.711 +3.046" C C Ef(l)l»i: light Efg»i: gf:?fe’
Root - ’
BAP 83.33 91.67 1.418+0.643% | 7.256+1.576 C C Light yellow i;%erlyegr‘;:/g .
White, yellow,
2iP 91.67 100 2.397+0.7115D | 8.082+2.1674 C WSF Light yellow light/dark brown,
ght ye g
orange
IAA .
KIN 66.67 66.67 0.803£0.374® | 3.371+1.612° C C Light yellow/ Yellow, orange,
orange/brown light/dark brown
Light yellow/
TDZ 91.67 91.67 3.190+0.18545C | 9.476+0.374* C C Light yellow Eigﬁ gj;ﬁge
black
Explant type | Plant growth regulators Callus induction (%) | Callus weight (g) Callus structure Color of callus
Cytokinin (0.5
Auxin (1 mg/L) | mg/L) 12 weeks | 16 weeks | 12 weeks 16 weeks 12 weeks | 16 weeks | 12 weeks 16 weeks
Yellow, light Black, brown,
BAP 100 100 12.474+2.828" | 16.907+2.189" C cs brows fa white, gray,
wn, gray orange
Yellow, orange, Black. brown
2iP 100 100 11.549+0.8555C | 12.858+3.117°? | WSF WSF light/dark brown, > Drowh,
24-D black orange
KIN 100 100 8.826+1.4820 | 12.489+2.406%° | C C gfg‘% orange, fﬁ;l;’eb“’wn‘
TDZ 100 100 10.210+1.0305CP | 13.455+1.7655° | C cs gfg% ‘l;f:fkge’ Eﬁiﬁge‘ brown,
Leaf Orange, light/
BAP 100 100 19.027+1.7854 | 22.866+1.574* WS WSF Orange, brown dark brown,
white
2iP 100 100 10.912+3.771%C | 14.069+£1.979*¢ | WSF C Brown, white fgﬁyv‘v‘ light/dark
IAA White, yellow, White, yellow,
KIN 100 100 7.226+£0.115° 10.671+0.488" C C orange, brown, orange, brown,
black, gray black, gray
Yellow, orange, Orange. gra
TDZ 100 100 10.553+1.4805P | 15.078+0.265°C | C cs gray, lihgt/dark | 7908 190
brown >
Continued
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Explant type | Plant growth regulators Callus induction (%) | Callus weight (g) Callus structure Color of callus
Cytokinin (0.5
Auxin (1 mg/L) | mg/L) 12 weeks | 16 weeks | 12 weeks 16 weeks 12 weeks | 16 weeks | 12 weeks 16 weeks
BAP 100 100 11.650 £2.667°% | 13.433+3.3055CPE | C cs Yellow, orange, | Orange, brown,
brown, black black
Yellow, ligh/dark Brown. black
100 100 11.066+2.4414F | 12.141 +2.819°F WSEF/C WSE SC brow, orange, oran e’ ?
black 8
24D Yellow, orange, Black. brown.
100 100 9.937 +1.5465¢ 12.280+1.351°PF | C C light/dark brown, an y >
black orange
c Yellow, orange, Yellow, orange,
TDZ 100 100 11.573£4.056% | 15.521+£2.627°¢ | C CS brown, black, brown. black
N gray e
oot
Yellow, orange Light yellow,
91,67 91,67 11.858+1.696*% | 16.204 +3.934"8 WS WSF b W 8e orange, brown,
rown white
‘ White. vellow White, light/dark
100 100 9.809+1.240%¢ | 15.014+£3.753%°P | WSF C yerow yellow, orange,
orange, brown s
IAA rown
66,67 66,67 6.722+4237C | 9.620+4.237¢ C C Yellow, orange, = | Yellow, orange,
brown, white brown, white
Yellow, orange, Orange, brown
TDZ 91,67 91,67 13.550+0.6174 15.446 +3.1848 C CS light/dark brown, black )ra >
black, gray > gray

Table 1. Effects of explant types and plant growth regulators on the induction and growth of callus biomass
of Calendula officinalis L. Callus structure: C compact, WS watery soft, WSF watery soft and friable,

2,4-D 2,4-dichlorophenoxyacetic acid, IJAA indole-3-acetic acid, BAP 6-benzylaminopurine, 2iP 6-(y,y-
dimethylallylamino)purine, KIN kinetin, TDZ thiadiazuron (1-phenyl-3-(1,2,3-thiadiazol-5-yl)urea).
Exponents®»“PE indicate significant different average values (p <0.05).

of callus biomass derived from leaves, using all other combinations of growth regulators, ranged from 1.24 g
(IAA +KIN) to 3.11 g (IAA + TDZ) and callus biomass derived from root explants was in the range of 0.80-3.58
g (Fig. 1A). The increase in fresh weight of callus biomass continued for all combinations of growth regulators
after the first and second passages (Fig. 1B,C). However, the most important growth parameters of callus biomass
were growth intensity and fresh weight determined after three subsequent passages (i.e., after 16 weeks), always
on fresh medium. The continuous increase in the fresh weight of callus biomass continued until the 16th week
of cultivation in media with all combinations of growth regulators and with both types of explants (Fig. 1D).

The highest increase in fresh biomass weight after 16 weeks of cultivation was in calli derived from leaf tissue
in medium containing combinations of IAA + BAP (from 2.44 to 22.87 g) and 2,4-D + BAP (from 2.23 to 16.91
g). Also, in the case of callus biomass derived from roots, the same combination of IAA + BAP (from 1.42 to
16.20 g) was the most effective. The intensity of the increase in the fresh weight of the callus biomass was linear
over the monitored period (Fig. 2).

Stem cells in callus

Cells with the properties of stem cells or stem cell-like cells should be present in fast-growing multicellular
callus biomass, along with dedifferentiated and differentiated cells. The presence of SCs or cells similar to them
in the growing cell biomass should be supported by the morphological features of cells developed on the callus
surface. After 4 weeks of cultivation, different types of callus cell biomass, containing SCs, cells similar to them
(stem cell-like cells), as well as DDCs (dedifferentiated cells), could be visually observed. Calli with potentially
proliferating SCs were light yellow, dim, and soft, while DDCs were light white, compact, and had an irregular
structure (Fig. 3). However, these parameters can be ambiguous as they may vary depending on the plant species,
the explant, and the callus induction conditions.

Microscopic analysis revealed typical differences in the morphology of vacuoles between SCs and DDCs
stained with the Neutral Red assay. Abundant and small spheric vacuoles, or vacuole-like structures, were
observed in SCs (Fig. 4A), while only one large vacuole was present in DDCs (Fig. 4B). These differences in the
parameters of the vacuoles are considered characteristic.

The relative ratio between SCs and other cells in the growing cell biomass was determined subjectively using
microscopic observations. The differences in ratios between SCs and DDCs were related to the explant source. A
higher proportion of SCs was subjectively evaluated in callus biomass derived from leaves (Fig. 5A), while callus
derived from root explants contained a higher proportion of DDCs and other cell types (Fig. 5B).

Two combinations of growth regulators that most effectively promoted the growth of leaf-derived callus cell
biomass were subjectively compared in terms of the number of SCs. Apparently, higher relative amounts of SCs
over DDCs were found in medium containing 1.0 mg/L 2,4-D with 0.5 mg/L BAP (Fig. 6A). On the contrary,
the combination of 1.0 mg/L IAA with 0.5 mg/L BAP generated predominantly DDCs (Fig. 6B).
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Figure 1. Fresh weight of calli induced from leaf and root explants using different combinations of growth
regulators after four (A), eight (B), 12 (C), and 16 (D) weeks of cultivation. Data are presented as means + SDs
(n=5). Indicators of the statistical significance of the difference between combinations of growth regulators are
shown in Table 1 (exponents*®<P).
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Figure 2. Increase in fresh weight of callus biomass derived from leaf (green curves) and root (brown curve)
explants within 16 weeks of cultivation on the most effective combinations of growth regulators.

Figure 3. Different types of calli (color, texture) on the same leaf explant (red arrows: stem cells, black arrows:
dedifferentiated cells, magnification x6.3).

Cell suspension cultures
Cell suspension cultures were derived from callus tissues induced either from leaf or root explants in the same
composition of nutrient medium, either in continuous darkness or under photoperiod (16 h light/8 h darkness).
The growth characteristics of cells in suspensions were different (Fig. 7). The highest fresh cell weight (FCW,
g/L) was achieved between the 11th and 13th days after the inoculation of cells into the fresh liquid MS medium
with 1.0 mg/L 2,4-D + 0.5 mg/L BAP. The optimal interval for passaging of cells into fresh liquid medium was
12-13 days (Fig. 7A) in cell suspensions cultivated in darkness and 11 days in cell suspensions cultivated under
the photoperiod. The numerical values shown in Fig. 7 show when the maximum fresh cell weight was reached.
Cultivation in continuous darkness produced 3.8 times more root-derived cells and 3.2 times more leaf-derived
cells in comparison to cultivation under the photoperiod (Fig. 7B). Therefore, only the darkness regime of culti-
vation was used in the following experiments. Statistically significant (p <0.05), the highest production of fresh
cells (64.3 g of cells/L of cultivation medium) was achieved in cell suspension derived from leaves. It was 1.42
times higher than in root-derived cell suspension.

Determination of cell viability revealed that cell suspensions developed from root-derived callus (CR)
were more viable than those from leaf-derived callus (CL). The maximum number of viable root-derived cells
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Figure 4. Abundant and very small vacuoles in stem cells (A) and one large vacuole in dedifferentiated cells

(B).

Figure 5. Stem cells (red arrows), dedifferentiated cells (black arrows), and other cells in cell biomass derived
from leaf (A) or root (B) explants formed in medium containing 1.0 mg/L 2,4-D +0.5 mg/L BAP.

Figure 6. Stem cells (red arrows) and dedifferentiated cells (black arrows) in callus biomass derived from leaf
and cultivated in MS medium with 1.0 mg/L 2,4-D +0.5 mg/L BAP (A) or 1.0 mg/L IAA +0.5 mg/L BAP (B).
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Figure 7. Fresh weight of cells (g/L) in suspension culture originated from leaf-derived (CL) and root-derived
(CR) callus, cultivated in medium MS with 1.0 mg/L 2,4-D +0.5 mg/L BAP continuous darkness (A) or under
the photoperiod (B).

(5.08 x 10° cells/mL) was reached on the fifth day after the initiation of cell suspension culture. In leaf-derived
cells, the maximum number of viable cells was lower by 56% (2.24 x 10° cells/mL) and reached later, on the
11th day of cultivation. It has been shown that both stains, Evans blue and Trypan blue, are essentially equally
appropriate for cell viability detection (Fig. 8).

Stem cell suspension cultures
The cell suspension cultures were used for the selection and establishment of a culture of stem cells, i.e., a cul-
ture with the highest possible proportion of SCs versus DDCs. The Neutral Red assay was much easier in cell
suspension compared to callus tissue. SCs had typical, very small, and abundant vacuoles. Prolonged cultivation
time and repeated passages of cells into fresh liquid medium eliminated or fundamentally reduced the aggrega-
tion of cells, and the single-cell character of the cell suspension began to dominate. At the same time, the fewer
aggregates and more individual cells were in the cell suspension, the higher the proportion of stem cells (Fig. 9).
The ratio of SCs to DDCs in suspension culture had opposite tendencies. As the ratio of SCs increased
(Fig. 10A), the ratio of DDCs decreased adequately (Fig. 10B). The ratio of SCs derived from roots exceeded the
level of 91.6% on the 11th day and was maintained in the range of 92-93%, in contrast to root-derived DDCs
that gradually decreased to less than 8%. A similar course had a proportion of leaf-derived SCs that reached a
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Figure 8. The viability of cells in leaf-derived (CL D) and root-derived (CR D) suspension cultures cultivated in
MS medium with 1.0 mg/L 2,4-D + 0.5 mg/L BAP continuous darkness assayed by Evans blue (EB) and Trypan
blue (TB).

500 um

Figure 9. Stem cells and small amounts of dedifferentiated cells (black arrow) in stem cell suspension culture
established from root-derived callus and cultivated in liquid MS medium with 1.0 mg/L 2,4-D + 0.5 mg/L BAP.

maximum also on the 9th day, but only at the level of 75.0%, and subsequently it stabilized at the level of 72-73%.
The share of leaf-derived DDCs decreased adequately to 27-28%. The number and percentage of SCs did not
decrease at all, even on the 18th day of cultivation.

From the point of view of the number of SCs produced, root cells were more productive than leaf cells
(Fig. 10C). Their multiplication reached a plateau on the 11th day of cultivation, and the number of SCs then
stabilized at a level of 5.60-5.72 x 10° cells/mL. The growth of leaf-derived stem cells also reached a plateau on
the 11th day of cultivation at a level of 2.2 x 10° cells/mL i.e., about 2.5 times less.
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Figure 10. Proportion of stem cells (A) and dedifferentiated cells (B) in cell suspension cultures derived from
leaves (CL D) and roots (CR D). The number of stem cells (C) derived from roots (CR D) and leaves (CL D).
Culture medium was MS with 1.0 mg/L 2,4-D + 0.5 mg/L BAP in all cultures, cultivation was in continuous
darkness.
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Discussion

The plant species, type of explant, and composition of the cultivation medium, especially the content of growth
regulators, are well-known crucial factors affecting the initiation of callus development and growth in vitro. All
combinations of auxins and cytokinins used in our experiments were able to induce callogenesis in both types of
C. officinalis L. explants, the leaf as well as the root segments. In the presented work, the most effective combina-
tion of auxin and cytokinin was IAA + BAP. The combinations 2,4-D + KIN and 2,4-D + 2iP used previously'?
induced calli with much lower efficiency. Other growth hormones have proven effective for other explants, such
as hypocotyls, cotyledons, cotyledon nodes'?, and floret explants®. Calli initiated from different types of explants
of C. officinalis L. tend to be variable in their color and texture, and it also change during cultivation depending
on the growth regulators used for callus initiation. The coloration of the calli in this study ranged from white
to yellow, orange, brown, and black, and they were often multicolored. Similar coloration and texture were also
found in calli derived from hypocotyls'!, but the calli derived from the leaves and cotyledons were in shades
of green'. Generally, callus cultures of calendula can be easily induced from different types of explants using
culture media containing a mixture of auxin and cytokinin. Calli differ in their texture, from firm and compact
to friable and watery. Moreover, sometimes they are very heterogeneous in these characteristics.

Callus culture can also be used for the micropropagation of calendula plants®*. The long-term cultivation
and multiplication of callus from calendula, either unelicited or elicited, can be used for the production of useful
compounds such as carotenoid pigments®, salicylic acid”’, and extracts with antibacterial activity!!. The cal-
lus induction stage is already important for the subsequent establishment of cell suspension culture. From the
point of view of callus disintegration, a fine cell suspension culture in a liquid medium with a friable structure
of callus is more advantageous. The character of cells in callus is especially important in establishing a fast-
growing, long-term cultivable, and more productive cell suspension cultures. The callus is initiated either from
explants containing meristems with pluripotent stem cells or from explants containing essentially only somatic
cells. Callus is formed predominantly from a pre-existing population of stem cells*® and from dedifferentiated
cells arising through transformation from differentiated cells. Dedifferentiated cells are in a state of less differ-
entiation or in a stem-like state (stem cell-like cells), which gives them the properties of totipotency***. If stem
cells are already present in the explant used for callus induction and appropriate growth regulators are used,
the callus biomass typically has improved growth parameters®>*. The presumed presence of calendula stem
cells was experimentally confirmed by microscopic analyses of calluses that had the fastest and largest increase
in callus biomass. The effect of these cells was also reflected in the parameters of the cell suspension cultures
derived from them, such as rapid cell growth rate, exponential increase in fresh cell weight, lower aggregation
rate, cell size and shape, and others*****>**. Homogenization of the cell suspension culture to single-cell culture
was achieved by several passages of cells into fresh culture medium in the late exponential phase, which was
approximately on the 13th day after initiation. An increased homogeneity of the suspension culture toward the
single-cell culture correlated with the increasing proportion of SCs versus DDCs in the culture. Plant stem cell
cultures have so far been established exclusively from isolated and cultured innately undifferentiated cambial
meristematic cells from stem segments®»**-3%. However, the use of cambial meristematic cells from stem explants
may not be the only way to establish in vitro stem cell cultures. A callus resembling the root tip meristem can be
developed from pericycle cells of mature roots that retain some meristematic cell-specific features, and this is
also possible from cells surrounding vasculature bundles in other aerial organs*'. Meristematic features of some
pericycle cells, such as three or more vacuoles and dense cytoplasm** are considered typical features of plant
stem cells. Also, leaves maintain their own meristems. Leaf mesophyll cells, as well as the initial cells of stomata
and veins, are produced by leaf meristems classified as intercalary meristems*. The leaf meristems contain the
plate meristem, which extends the leaf two-dimensionally by active cell proliferation** as well as the marginal
meristem restricted to the leaf margin®. The plate and marginal meristems, both active in the basal area of leaf
primordia, represent two zones of a leaf meristem, analogous to the central and peripheral zones of the shoot
apical meristem*®. Leaves exhibit determinate growth, indicating that the potential leaf meristem, if it exists, has
only transient meristematic activity, but the leaf marginal and submarginal regions maintain active cell divi-
sions during early leaf development and are responsible for leaf lamina initiation*’. Other studies suggested that
marginal meristem activity contributes little to the growth of the leaf blade, but the blade growth in angiosperm
is sustained by cell proliferation in a plate meristem region*.

Another possible way is related to de novo organogenesis and plant regeneration in plant tissue cultures.
Plant somatic cells can, after reprogramming, form a mass of pluripotent cells in auxin-induced callus tissue*.
These pluripotent and regeneration-competent cells in the root are termed vasculature-associated pluripotent
cells, and the callus originates from xylem-pole pericycle and pericycle-like cells®. The regeneration-competent
cells were found in leaf explants, throughout the mature leaf along the vasculature in dicot plants, and in the
leaf base in monocot plants™. Just cells acquiring pluripotency are crucial for the formation of the callus and
the promeristem, and finally for de novo shoot regeneration by indirect organogenesis**>'. Shoots and roots can
be regenerated through de novo-formed meristems®* and by gene editing after the concomitant expression of
developmental regulators and gene-editing reagents®. Thus, the use of explants derived from roots and leaves
provides a prerequisite for the possibility of establishing stem and stem cell cultures.

The latest findings change opinions not only about the nature and composition of callus tissues but also about
meristems, stem cells, and the processes of their de novo formation. Views on the capabilities of differentiated
cells and the processes of their dedifferentiation are also changing. This opens the way not only to the isolation
of plant stem cells but also to their propagation, the establishment of in vitro stem cell cultures, the production of
stem cell biomass, and the more efficient production of secondary metabolites. This opens interesting industrial
and economic perspectives for plant biotechnology, tissue and cell cultures, and their use to obtain additional
theoretical knowledge as well as practical applications. An overview of several metabolites from different plant
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species, produced by several types of in vitro culture systems, confirms the existence of such applications. It also
demonstrates that stem cells are much more efficient producers than cultures of dedifferentiated cells**. Cell
cultures in vitro are a robust, cost-effective, and sustainable alternative for large-scale production of desired
metabolites compared to traditional plant cultivation.

Conclusions

Meristematic cells contained in primary explants or formed de novo in tissue cultures can determine the estab-
lishment of high-effective production of cell biomass through callus tissue and cell suspension culture. However,
much more interesting and important is the possibility to establish the formation or to select stem cells and
cultivate them in a liquid medium as a cell suspension with a very high proportion of stem cells. In the presented
work, a culture of stem cells was established from segments of the leaves and roots of C. officinalis L. In the case
of this medicinal plant, it seems that the way to establish stem cell culture is neither impossible nor too difficult.
The successful establishment of stem cell cultures, their long-term cultivation in small and medium-sized bio-
reactors, and elicitation of cell biomass and metabolites production will lead to practical applications in some
medical fields, cosmetics, and elsewhere.

Methods
Plant material
Seeds of Calendula officinalis L. were obtained from the breeding company Zelseed spol. s r. o. (Horna Potén,
Slovakia). Surface sterilization of mature seeds was performed with 96% ethanol (v/v) for 30 s, followed by treat-
ment with a 4.7% (v/v) sodium hypochlorite solution for 5 min with constant stirring and rinsing five times
with sterile distilled water. Seeds were germinated in vitro in culture vessels containing MS medium®* (Duchefa
Biochemie B.V, Haarlem, Netherlands) with a reduced concentration of all components (1/2MS) and 0.8% agar
(w/v), adjusted to pH 5.7. Germinated seeds and seedlings were cultivated in growth room at 23 +2 °C under a
photoperiod of 16 h of light and 8 h of darkness.

In vitro experiments with plants complied with accordance with the relevant institutional and national
legislation.

Callus cultures

Explants were taken from the leaves and roots of 4-5-week-old aseptic plants. The leaf explants (middle part of
leaf blade, without leaf base and tip) were approximately 0.5 x 0.5 cm in size, and the length of the root explants
was approximately 0.5 cm. The culture medium used was MS medium®® which contained 30 g/L (w/v) sucrose, 8
g/L (w/v) of plain agar powder, and complete nutrients in the form of macro, micro, trace elements, and vitamins,
supplemented with plant growth hormones and regulators, respectively. Combinations of two auxins: 2,4-D or
IAA with four cytokinins -2iP, KIN, BAP, or TDZ in a ratio 2: 1 (1 mg/L auxin and 0.5 mg/L cytokinin) were
tested for callus induction (Table 1). Twenty-five explants have been used for each combination of plant growth
regulators. Cultures were incubated at 23 +2 °C in the dark and sub-cultured at 28-day intervals on the fresh
medium for four months. The fresh weight of the callus biomass was determined under sterile conditions as the
total fresh weight of the same number of calli grown on individual combinations of growth hormones after 4,
8,12, and 16 weeks, respectively.

Cell suspension cultures

Cell suspension cultures were derived from calli developed from leaf and root explants in the liquid MS medium
supplemented with 1.0 mg/L 2,4-D + 0.5 mg/L BAP. Cultivation was at the same temperature (23 +2 °C) either in
darkness or under the photoperiod (16 h of light and 8 h of darkness) with a light intensity of 50 pmol m=s™".
Cells were cultivated under constant stirring (VS-202P, Vision Scientific Co., Ltd., Daejeon, Korea) at 110 rpm in
100 ml Erlenmayer flasks containing 20 ml of liquid medium. The optimal sub-cultivation interval was identified
by observation of the cell growth rate by regular cell samplings during 18 days of cultivation and determination
of fresh cell weight and dry cell weight.

The fresh weight of cells was calculated by weighing the cell residue on filter paper after filtering the entire
volume of the flask and subtracting the weight of the filter paper. The dry weight was determined by drying the
filtered fresh cells in an oven at 65 °C for 2 h.

Cell viability was determined by staining procedures using two stains. Cell suspension was mixed with a 0.1%
(w/v) solution of Evan’s blue in a ratio 5:1 or with a 0.4% solution of Trypan blue (both from Merck KGaA, Darm-
stadt, Germany) in a ratio 1:1. Viable or dead cells were detected microscopically (Leica DM6000 Upright Optical
Microscope, Leica Microsystems GmbH, Wetzlar, Germany). Observations were performed in three replicates.

Stem cell cultures

Microscopic analysis of cells was performed in developed callus tissues by dyeing vacuoles using the modified
method of Lee et al.?2. Cells taken from callus biomass were stained with 0.01% (w/v) Neutral Red (3-amino-7-di-
methyl-amino-2-methylphenazine hydrochloride, Merck KGaA, Darmstadt, Germany) for 10 min and washed
with 0.1 M phosphate buffer, pH 7.2. Samples were prepared by the squash smear technique and observed using
the Leica DM6000 Upright Optical Microscope (Leica Microsystems GmbH, Wetzlar, Germany).

Stem cells in suspension culture were identified by the same method as in callus cultures. However, cell
suspension was mixed with Neutral Red in a ratio 1:1, centrifuged for 5 min at 2500 rpm, washed with 0.1 M
phosphate buffer, pH 7.2, and counted in the Fuchs-Rosenthal Counting Chamber (Paul Marienfeld GmbH &
Co. KG, Lauda-Konigshofen, Germany) under the same microscope. The experiments were performed in three
replicates.
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Data analysis

The effects of growth regulators used for callus induction and growth were analysed in five replications, each
with five leaf- or root-derived explants, respectively. Evaluated parameters included the day of the initial callus
formation, the fresh weight of the callus, the percentage of callus formation, as well as the morphology param-
eters, including the color and structure of the callus. Obtained data were evaluated by analysis of variance (one-
way ANOVA) followed by the least significant difference (LSD) test using Statgraphics software version 19.2.01
(Statgraphics Technologies, Inc., The Plains, VA, USA). Significant differences between means were compared
using the least significant difference (LSD) test at the 5% level of significance (p <0.05).

Data availability
All data generated or analysed during this study are included in this published article.
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