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Preface

In vitro plant cultures and somatic embryogenesis are the focus of this Special Issue. Scientists

worldwide are developing and improving plant propagation and regeneration methods in in vitro

cultures. Micropropagation is used on a large scale to produce high-quality cuttings of ornamental

plants and, to a lesser extent, vegetable or agricultural plants. In addition, the technique is used in

gene banks or to produce important secondary metabolites. The most efficient plant regeneration

methods include somatic embryogenesis (SE). As a result of SE, somatic embryos can potentially be

produced from any living somatic cell.

The genetic plant stability can be disturbed during the propagation and regeneration of plants in

in vitro cultures. To be sure that the plants obtained this way are true-to-type, their genetic stability

must be confirmed. Molecular markers that can be used at any stage of plant development work best

here. The genetic variability created in this way and mutagenesis or genetic transformation in in vitro

cultures facilitate the breeding of new cultivars of crops.

Justyna Lema-Rumińska, Danuta Kulpa, and Alina Trejgell

Guest Editors
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Article

Effect of Liquid Culture Systems (Temporary Immersion
Bioreactor and Rotary Shaker) Used During Multiplication
and Differentiation on Efficiency of Repetitive Somatic
Embryogenesis of Narcissus L. ‘Carlton’
Małgorzata Malik , Ewelina Tomiak * and Bożena Pawłowska

Department of Ornamental Plants and Garden Art, University of Agriculture in Krakow, 29-Listopada 54,
31-425 Kraków, Poland; malgorzata.malik@urk.edu.pl (M.M.); bozena.pawlowska@urk.edu.pl (B.P.)
* Correspondence: ewelina.tomiak@urk.edu.pl

Abstract: Liquid culture systems, including bioreactors, are valuable tools for the scaling
up of production. Their involvement leads to the automation of the highly efficient,
reproducible somatic embryogenesis of Narcissus L. ‘Carlton’. Alternative procedures for
efficient embryogenic tissue and early somatic embryo multiplication have been developed.
The long-term embryogenic callus of narcissus ‘Carlton’, obtained by repetitive somatic
embryogenesis, was multiplicated and differentiated in different liquid culture systems.
For multiplication, the Rita® temporary immersion bioreactor and the rotary shaker at
60 rpm and 100 rpm were used, and, for differentiation, the rotary shaker at 60 rpm and
solid cultures were investigated. Cultures immersed with a frequency of 15 min every
24 h during multiplication were characterized by the greatest increase in biomass (1.3),
and the greatest number of embryos (152.6 embryos per 1 g of inoculum) was seen during
differentiation. Higher immersion frequencies (15 min every 8 and 12 h) decreased the
tissue quality and yield. The use of a bioreactor during multiplication promoted the number
of embryos obtained during differentiation. In turn, cultivation in a rotary shaker during
differentiation, regardless of the multiplication system, stimulated the multiplication of
embryogenic tissue. The liquid medium used for the multiplication and differentiation of
somatic embryos improved the synchronization of their development, which reached up to
95–99% depending on the system.

Keywords: daffodil; immersion frequency; in vitro; liquid medium; Rita®; temporary
immersion system

1. Introduction
Narcissus L. is a very important long-lived perennial geophyte from a botanical, hor-

ticultural, folkloric, and medicinal perspective [1–3]. These bulbous plants are widely
used as ornamental plants in urban landscaping and home gardens and as a cut flower.
Bulbs are produced on a large scale throughout Europe, especially in the Netherlands, and
globally [4,5].

In recent years, daffodils have gained enormous popularity due to the content of
biologically active compounds in their bulbs, and they are a rich source of specialized
metabolites. Alkaloids such as galanthamine (Gal), lycorine, and narciclasine are known
for their pharmaceutical properties; they are used during therapy in Alzheimer’s [6] and
cancer [7]. Narcissus pseudonarcissus L. ‘Carlton’ was chosen as a source due to the relatively

Agronomy 2025, 15, 85 https://doi.org/10.3390/agronomy15010085
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high concentration of Gal in the bulbs [1,3,4,8,9]. Plant tissue culture is a promising
alternative to optimize alkaloid extraction [6,7]. Ferdausi’s [10,11] studies also confirmed
the presence of galantamine in bulbs, shoots, and calli obtained in vitro from the ‘Carlton’
cultivar at high auxin concentrations.

In vitro cultures are used for the mass production of plants that are difficult to propa-
gate traditionally. They provide an opportunity to obtain elite propagation material and are
also helpful in the propagation of plants with industrial and pharmacological potential, as
well as the propagation of endangered species and their cryopreservation [12–16]. Under
field conditions, the natural vegetative propagation rate of narcissus when separating
adventitious bulbs is very slow, at nearly 1.6 bulbs/year [17,18]. Chipping and twin-scaling
are two traditional propagation techniques for rapid reproduction, which are more efficient
but are insufficient and do not meet the current needs of mass production [19,20].

In vitro propagation is a technique that includes somatic embryogenesis, which is one
of the basic tools that is widely used in the high-yield reproduction of many species. In
the genus Narcissus, somatic embryogenesis has been achieved in Narcissus confusus [21];
Narcissus pseudonarcissus cv. ‘Golden Harvest’, ‘St. Keverne’ [22], and ‘Carlton’ [23]; Narcissus
tazzeta [24,25]; and Narcissus papyraceus cv. Shirazi [26].

Repetitive somatic embryogenesis (RSE) offers even greater opportunities for the au-
tomation and commercialization of production due to the scale-up of production through
the continuous multiplication of somatic embryos [27,28]. New embryos can proliferate
continuously through consecutive cycles of secondary somatic embryogenesis. Embryos
are formed from embryos that were previously formed [27,29]. The advantages of long-
term embryogenic cultures obtained in this way are adaptability to different liquid culture
systems, efficient handling, and the independence of this process from the original explant
source [30]. High-frequency secondary and repetitive somatic embryogenesis has been de-
veloped for Coffea arabica [31], Camellia assamica [32], Quercus robur [33], Camellia sinensis [30],
and Hepatica nobilis [34]. High-yielding RSE for narcissus cv. Carlton for solid cultures has
also been developed [29].

The use of liquid culture systems for propagation by somatic embryogenesis provides
many benefits, including increased efficiency, increased nutrient uptake, more uniform
culture conditions, more homogeneous material, and reduced production costs [31,35]. A
special system consists of a bioreactor designed for intensive plant propagation in liquid
media under controlled environmental conditions. In the Rita® temporary immersion biore-
actor, these include the time of tissue contact with the media, aeration, and air exchange [36].
The method of operation of temporary immersion systems involves periodically immersing
the cultured tissue in a liquid medium, followed by draining and exposing the plant tissue
to a sterile gaseous environment [35]. Temporary immersion and gas exchange in the
bioreactor vessel allow one to overcome the occurrence of hyperhydricity or asphyxia,
which is often observed in cultures continuously immersed in a liquid medium [37].

To date, for narcissus ‘Carlton’, a protocol involving liquid media for the initiation
of somatic embryogenesis has been developed. Somatic embryogenesis was induced in
ovary cultures by alternating the use of liquid media and solid media [38]. The aim of the
present study was to check whether the use of different liquid systems (rotary shaker and
TIS technology) during multiplication and differentiation would increase the efficiency of
narcissus RSE, the synchronization of somatic embryos, and biomass production.

2. Materials and Methods
2.1. Plant Material

A long-term (seven-year-old) embryogenic callus obtained by RSE from ovary ex-
plants isolated from Narcissus L. ‘Carlton’ flower buds originating from bulbs (12 cm in
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circumference) chilled for 3 weeks at 5 ◦C was taken for the experiments [29]. The callus
was initiated and grown on solid Murashige and Skoog (MS) medium [39] with 25 µM
Picloram and 5 µM 6-benzylaminopurine (BA) and 3% sucrose. The medium was adjusted
to pH 5.5 before autoclaving and was gelled with 0.5% agar (Lab-Agar™, Biocorp, Warsaw,
Poland). The callus was maintained at 20 ± 2 ◦C in darkness. Cultures were transferred to
fresh medium every 4–6 weeks.

2.2. Effect of Immersion Frequency—Experiment 1

A two-stage experiment was assumed: six-week multiplication followed by six-week
differentiation stages. For multiplication, clusters of embryogenic tissue (callus with differ-
entiating primary and secondary embryos at the globular stage) were placed in the vessels
of a Rita® bioreactor (CIRAD, Montpellier, France) with a temporary immersion system
filled with 200 mL of multiplication liquid medium. Experiment 1 was designed as a single-
factor experiment (immersion frequency used during multiplication) and investigated the
influence of the factor on the RSE performance during the multiplication and differentiation
stages. The effect of the following immersion frequencies was investigated: (i) 15 min every
24 h (TIS 1 × 15), (ii) 15 min every 8 h (TIS 3 × 15), and (iii) 15 min every 2 h (TIS 12 × 15).
The control involved cultures in Petri dishes (diameter 9 cm, height 2.5 cm) filled with 25 mL
of multiplication agar-solidified medium (0.5%, Lab-Agar™, Biocorp, Warsaw, Poland). The
multiplication medium contained macro- and micronutrients and vitamins, as described
by Murashige and Skoog [39], as well as 25 µM Picloram, 5 µM BA, and 3% sucrose. The
medium was adjusted to pH 5.5 before autoclaving. Each Petri dish was filled with 2 g of
embryogenic tissue and each Rita® vessel was filled with 5 g. Cultures were maintained at
20 ± 2 ◦C in darkness.

For the differentiation stage, embryogenic tissue (2 g per dish) obtained in all combi-
nations of the multiplication stage was transferred to a Petri dish (diameter 9 cm, height
2.5 cm) on solid MS medium with 5 µM BA and 0.5 µM naphthalene-1-acetic acid (NAA)
and 3% sucrose. The medium was adjusted to pH 5.8 before autoclaving and was gelled
with 0.5% agar (Lab-Agar™, Biocorp, Warsaw, Poland). The callus was maintained at
20 ± 2 ◦C in darkness.

2.3. Effect of Liquid Culture System—Experiment 2

Experiment 2 was designed as a two-factor experiment (culture system used during
multiplication × culture system used during differentiation) and investigated the influence
of both factors on the RSE performance during the differentiation stage. Embryogenic tissue
multiplied for six weeks in three liquid systems was used for experiment 2: (i) continuous
cultivation in liquid medium on a rotary shaker at 60 rpm (RS 60), (ii) continuous cultivation
in liquid medium on a rotary shaker at 100 rpm (RS 100), (iii) temporary immersion system
at an immersion frequency of 15 min every 24 h (TIS 1 × 15).

Clusters of embryogenic callus obtained during multiplication (on multiplication
medium) for regeneration were transferred to MS regeneration medium containing 5 µM
BA and 0.5 µM NAA and 3% sucrose. Calli were cultured for six weeks in two ways:
continuously in liquid medium on a rotary shaker at 60 rpm or on solid medium and then
for six weeks on solid medium of the same composition. Solid media were gelled with
0.5% agar (Lab-Agar™, Biocorp, Warsaw, Poland). Control cultures were maintained on
solid media during multiplication and differentiation.

The following cultivation vessels were used: 100 mL Erlenmeyer flasks with 20 mL of
medium and 1 g of embryogenic tissue for cultivation on a rotary shaker and Petri dishes
(diameter 9 cm, height 2.5 cm) with 20 mL of solid medium and 2 g of tissue for cultivation
on solid medium. Cultures were maintained at 20 ± 2 ◦C in darkness.
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2.4. Growth Evaluation and Statistical Analysis

After six and 12 weeks, the biomass growth index and the total number of somatic
embryos per 1 g of inoculum tissue were calculated. For the biomass growth index, the
following formula was used: (FFW − IFW)/IFW, where FFW = final fresh weight and
IFW = initial fresh weight. The percentage shares of the individual developmental stages
(early, mature and cotyledonary) in the total number of embryos obtained were also
determined. The percentage of early embryos in the total number of embryos was defined
as synchronization.

The results of the observations were evaluated by analysis of variance. Means that
differed significantly were identified using Tukey’s multiple test at a significance level of
p ≤ 0.05 (Statistica version 10, StatSoft, Kraków, Poland).

3. Results and Discussion
3.1. Biomass Growth

The scale-up of production resulting from the involvement of RSE can be achieved
due to faster tissue growth and easy adaptation to liquid culture systems [32,40,41]. The
direct contact of plant cells with the liquid medium, i.e., the better availability of nutri-
ents and growth regulators, allows for increased efficiency [42] but also influences the
synchronization of production [31].

In the narcissus ‘Carlton’ cultures, the multiplication of the embryogenic tissue and
the differentiation of somatic embryos were observed in all culture systems tested. The
decisive parameters were the state of the medium and the time of contact with the liquid
medium. The long-term callus representing RSE, continuously multiplied on solid medium
containing 25 µM Picloram and 5 µM BA after transfer to the Rita® bioreactor in liquid
multiplication medium, proliferated best when the frequency of immersion was 15 min
every 24 h (TIS 1 × 15). The multiplication rate was 1.3, which was higher compared to
that obtained on solid media, i.e., TIS 3 × 15 and TIS 12 × 15 (Table 1 and Figure 1a).
However, the lowest biomass increase was observed in cultures immersed for 15 min every
8 h (0.2, TIS 3 × 15). In the cultures that were immersed the most frequently, the dediffer-
entiation of the embryogenic tissue was observed more often, as well as its faster ageing
(Figure 1b).

Table 1. Effect of immersion frequency on efficiency of Narcissus L. ‘Carlton’ repetitive somatic
embryogenesis in Rita® bioreactor during multiplication and differentiation stages.

Immersion
Frequency A

Multiplication Differentiation

Biomass
Growth

(6 Weeks)

No. of Somatic Embryos
(6 Weeks)

Biomass
Growth

(6 Weeks)

No. of Somatic Embryos
(6 Weeks)

TIS 1 × 15 1.3 ± 0.2 d B 51.7 ± 5.2 ab 1.6 ± 0.7 ab 152.6 ± 8.4 b
TIS 3 × 15 0.2 ± 0.0 a 61.9 ± 6.9 b 0.7 ± 0.2 a 117.6 ± 5.9 a

TIS 12 × 15 0.4 ± 0.1 b 41.8 ± 8.1 a 1.6 ± 0.4 ab 110.4 ± 27.2 a
Solid 0.8 ± 0.0 c 49.2 ± 7.3 a 2.1 ± 0.7 b 100.2 ± 8.5 a

Significant effects C *** *** *** ***
A Immersion frequency: Solid—solid medium (control); TIS 1 × 15—cultures in bioreactor Rita® with immersion
frequency of 15 min every 24 h; TIS 3 × 15—cultures in bioreactor Rita® with immersion frequency of 15 min every
8 h; TIS 12 × 15—cultures in bioreactor Rita® with immersion frequency of 15 min every 2 h. B Mean values ± SD
followed by different lowercase letters are significantly different at p ≤ 0.05 according to Tukey’s multiple range
test. C Significant effects: ***—at p ≤ 0.01.
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Figure 1. Repetitive somatic embryogenesis of Narcissus L. ‘Carlton’ in different liquid culture systems.
(a) Embryogenic tissue during multiplication in Rita® bioreactor immersed with frequency of 15 min
every 24 h. Bar = 1 cm. (b) Embryogenic tissue during multiplication in Rita® bioreactor immersed
with frequency of 15 min every 2 h. Bar = 1 cm. (c) Differentiation on solid medium (control cultures).
(d) Early stages (globular and torpedo) of somatic embryos and bioreactor cultures (TIS 1 × 15) after
transfer from rotary shaker at 60 rpm to solid medium. (e) Mature somatic embryo. (f) Cluster of
embryogenic tissue with cotyledonary embryos. (g) Bioreactor cultures (TIS 1 × 15) after transfer to
solid medium. Bar = 1 cm. (h) Embryo conversion in light—20th week of culture. Bar = 1 cm.

When transferring the callus cultures from the bioreactor to a solid regeneration
medium with 5 µM BA and 0.5 µM NAA, the biomass growth in the TIS 3 × 15 cultures
(0.7) was still the lowest, while intensified growth was observed in the control on solid
medium (2.1). This resulted not only from the proliferation of the embryogenic tissue but
also from the development of somatic embryos and their conversion (Figure 1c).

The efficiency of embryogenic callus proliferation and somatic embryo differentiation
in the Rita® temporary immersion bioreactor has been repeatedly reported to be highly
dependent on the immersion frequency. As a rule, more frequent immersions promoted
an increase in fresh weight, which was not observed in the case of the embryogenic callus
of narcissus. In cork oak [43], an immersion frequency of 1 min every 6 or 4 h increased
the fresh weight compared to a frequency of 1 min every 12 h and with semi-solid media.
Frequencies of 1 min every 6, 8 and 12 h increased the biomass growth of Quercus robur
embryo clusters compared to a solid medium [33]. The immersion frequency of 5 min every
4 h, compared to 1, 10 and 15 min every 4 h and with a semi-solid medium, promoted the
multiplication of secondary somatic embryos of Eurycoma longifolia. Increased productivity
was also observed when the immersion frequency was changed from every 4 h to every
8 h [44].
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An increase in biomass when using liquid systems can also be achieved at the differ-
entiation stage. After a differentiation cycle in various culture systems, i.e., solid and rotary
shakers at 60 rpm, significant differences in narcissus biomass growth were observed. Re-
gardless of the culture system used during the multiplication of the narcissus embryogenic
tissue (RS 60, RS 100, TIS 1 × 15, solid medium—control), a higher or similar biomass
growth index was obtained in shaking cultures compared to solid cultures (Table 2).

Table 2. Effect of the liquid culture system used during multiplication and differentiation on the
efficiency of Narcissus L. ‘Carlton’ repetitive somatic embryogenesis.

Culture System
During Multiplication

(Mcs) A

Culture System During
Differentiation (Dcs)

6th Week of Differentiation 12th Week of Differentiation

Biomass
Growth

No. of
Somatic
Embryos

Biomass
Growth

No. of
Somatic
Embryos

Effect of Mcs and Dcs
Solid Solid 2.2 ± 0.5 a–c B 21.0 ± 1.3 ab 4.7 ± 1.7 a–c 38.5 ± 3.8 ab
Solid RS 60 5.9 ± 0.8 d 14.1 ± 3.4 a 11.7 ± 1.3 d 41.0 ± 17.0 ab
RS 60 Solid 1.7 ± 0.2 ab 24.0 ± 5.1 ab 4.9 ± 1.0 a–c 29.8 ± 4.5 a
RS 60 RS 60 3.8 ± 0.8 c 16.8 ± 3.2 a 7.6 ± 0.6 c 29.9 ± 9.0 a

RS 100 Solid 1.0 ± 0.3 a 14.4 ± 10.2 a 2.3 ± 0.5 a 20.1 ± 12.1 a
RS 100 RS 60 3.2 ± 1.0 bc 17.0 ± 13.8 a 6.2 ± 1.5 bc 30.8 ± 17.2 a

TIS 1 × 15 Solid 1.5 ± 0.3 ab 42.1 ± 7.7 b 4.0 ± 0.2 ab 65.1 ± 7.1 b
TIS 1 × 15 RS 60 3.1 ± 0.3 bc 22.2 ± 11.3 ab 6.4 ± 0.6 bc 44.9 ± 11.7 ab

Effect of Mcs
Solid 4.0 ± 2.1 b 17.6 ± 4.4 a 8.2 ± 4.1 c 39.7 ± 11.1 ab
RS 60 2.7 ± 1.2 a 20.3 ± 5.5 ab 6.2 ± 1.7 b 29.8 ± 6.4 a

RS 100 2.1 ± 1.4 a 15.7 ± 10.9 a 4.3 ± 2.4 a 25.4 ± 14.5 a
TIS 1 × 15 2.3 ± 0.9 a 32.2 ± 13.9 b 5.2 ± 1.4 ab 55.0 ± 14.0 b

Effect of Dcs
Solid 1.6 ± 0.5 a 25.4 ± 12.2 b 4.0 ± 1.4 a 38.3 ± 18.7 a
RS 60 4.0 ± 1.3 b 17.5 ± 8.4 a 8.0 ± 2.5 b 36.6 ± 13.8 a

Main effects C

Mcs × Dcs ** ns *** ns
Mcs *** ** *** ***
Dcs *** ** *** ns

A Culture system: solid—solid medium (control); TIS 1 × 15—cultures in Rita® bioreactor with immersion
frequency of 15 min every 24 h; RS60/RS100—cultures in liquid medium on rotary shaker (60 and 100 rpm).
B Mean values ± SD followed by different lowercase letters are significantly different at p ≤ 0.05 according to
Tukey’s multiple range test. C Main effects: ***—at p ≤ 0.01; **—at p ≤ 0.05; ns—not significant.

The shaking speed (60 or 100 rpm) used during multiplication only influenced biomass
growth during the differentiation stage. After 12 weeks of differentiation, significantly
more embryogenic calli were observed in cultures shaken at 60 rpm compared to 100 rpm
(Table 2).

The highest biomass growth was noted in cultures grown on solid media, which were
transferred to liquid media and shaken at 60 rpm (solid RS60) after both 6 and 12 weeks of
cultivation (5.9-fold and 11.7-fold increase, respectively). The solid differentiation medium
used for this material did not favor the multiplication of the embryogenic tissue. Biomass
growth on the solid medium amounted to 2.2 and 4.7, respectively. Transferring the tissue
grown in liquid media (systems: RS60, RS100, TIS 1 × 15) to solid media for differentiation
inhibited multiplication. On the other hand, continuation in liquid media supported the
multiplication of embryogenic tissue.
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3.2. Somatic Embryo Differentiation

The differentiation of somatic embryos occurs when the auxin concentration in the
medium decreases [38,45]. Reducing the auxin concentration allows the achievement of
subsequent embryo developmental stages: globular, torpedo, mature, cotyledonary and
converted plants [35]. In the ‘Carlton’ cultures maintained on a multiplication medium in a
bioreactor, the largest number of embryos was formed when the embryogenic tissue had
the least frequent contact with a medium with high auxin content, i.e., for an immersion
frequency of 1 × 15 min or 3 × 15 min per day (51.7 embryos and 61.9 embryos, respectively;
Table 1). In combinations where contact with the multiplication medium was longer, in
solid and bioreactor cultures immersed for 12 × 15 min per day, the smallest number of
embryos was formed (49.2 and 41.8, respectively). Further differentiation of the somatic
embryos was observed on a solid regeneration medium with the reduced availability of
auxin. Regarding the differentiation medium, the largest number of embryos was obtained
in the cultures immersed the least frequently at the multiplication stage (1 × 15 min during
the day)—152.6 embryos (Table 1).

Based on the results of experiment 2, it was found that the number of somatic embryos
formed during differentiation depended on the culture system used at the multiplication
stage (Table 2). Regardless of the other factors, the largest number of embryos was obtained
in cultures multiplied in the Rita® bioreactor. The efficiency of embryo formation is also
influenced by the culture system used immediately after multiplication. More embryos are
observed when differentiation takes place on a solid medium. A similar relationship has
been observed in the development of somatic embryos in many plant species, including
Arabica coffee [31], peanut [45] and hybrid larch [46]. In the liquid medium (RS60) at the
differentiation stage, the number of embryos was lower than that obtained on the solid
medium in the case of cultures multiplied in the bioreactor (Table 2).

3.3. Somatic Embryo Maturation

The greatest diversity in the developmental stages among the narcissus embryos
occurred in cultures grown on solid media, where all developmental stages of embryos
appeared: globular, torpedo, mature, cotyledons and post-conversion (Figures 1d–f and 2).

On solid media, in contrast to liquid media, where the cultures are more homogeneous,
a concentration gradient of growth regulators is created, which causes somatic embryos to
develop asynchronously [47]. This is due to the gradual consumption of auxin from the
medium and the formation of a concentration gradient of growth regulators in clusters of
embryogenic tissue with RSE. The decrease in the stimulation of endogenous IAA synthe-
sis induced by high concentrations of exogenous auxin releases the potential for embryo
formation and maturation [48]. In turn, maintaining a high concentration of auxin is neces-
sary to maintain the embryogenic nature of embryogenic cultures of monocotyledonous
plants [49]. When the somatic embryos were continuously or frequently immersed in the
liquid medium, embryo maturation was delayed. Somatic embryos were arrested in the
globular stage. This phenomenon allows for the long-term (from several months to several
years) multiplication of embryogenic tissue in the process of RSE and is beneficial at the
stage of the highly efficient proliferation of embryogenic tissue.

During the multiplication of narcissus in the Rita® bioreactor, synchronization of
90–99% (early stages of embryos) was observed. Similar values were achieved after trans-
ferring the material from the bioreactor to the solid regeneration medium (94–98% of
embryos in early stages; Figure 1g). In the control cultures on solid media in the multiplica-
tion and differentiation stages, further embryo stages appeared. Synchronization was 72
and 74%, respectively (Figure 2).
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Figure 2. The effect of the immersion frequency on the percentage share of individual devel-
opmental stages of Narcissus L. ‘Carlton’ embryos (early, mature and cotyledonary) in the to-
tal number of embryos obtained during multiplication and differentiation (Solid—solid medium
(control); TIS 1 × 15—cultures in Rita® bioreactor with immersion frequency of 15 min every
24 h; TIS 3 × 15—cultures in Rita® bioreactor with immersion frequency of 15 min every 8 h;
TIS 12 × 15—cultures in Rita® bioreactor with immersion frequency of 15 min every 2 h).

Experiment 2 also confirmed that synchronization depended on the culture system
used in the multiplication or differentiation stage. The narcissus ‘Carlton’ cultures that
were propagated in the liquid culture systems (RS 60, RS 100 or TIS 1 × 15) after transfer to
the regeneration medium, regardless of whether it was solid or liquid, maintained a high
degree of synchronization for 6 weeks (77–95% of early-stage embryos). Further cultivation
on solid regeneration medium led to the maturation of the embryos. The cotyledonary
stage was observed in all combinations (1–20%), and the synchrony ranged from 37% in the
control to 68–76% in cultures grown in the bioreactor (TIS 1 × 15) (Figure 3). Transferring
the cultures to light for another 8 weeks stimulated further embryo development and
conversion to plants (Figure 1h).
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stages of Narcissus L. ‘Carlton’ embryos (early, mature and cotyledonary) in the total number of
embryos obtained during multiplication and differentiation (Solid—solid medium (control); TIS
1 × 15—cultures in Rita® bioreactor with immersion frequency of 15 min every 24 h; RS 60/RS
100—cultures in liquid medium on rotary shaker (60 and 100 rpm).

The commercial application of somatic embryogenesis has many limitations. One of
the factors that makes it difficult to automate plant reproduction through somatic embryo-
genesis is the asynchronous development of embryos. Somatic embryogenesis consists
of five stages: the initiation of embryogenesis, the proliferation of embryogenic cultures,
differentiation—somatic embryo formation and early development, the maturation of
somatic embryos and the conversion of embryos into plantlets [35,50]. These require the
development of optimal factors (physical, chemical and biological) that enable the somatic
embryos to achieve subsequent developmental stages synchronously at the same time. At
the stage of embryo formation and its early development, in addition to influencing the
composition of growth regulators in the medium, especially auxins, we can significantly
influence the processes by selecting a liquid culture system. Temporary immersion systems
that allow for the semi-automation or full automation of multi-stage regeneration processes
are of particular importance. The use of the bioreactor for the RSE tissue of narcissus ‘Carl-
ton’ allowed for the long-term multiplication of the embryogenic callus and early somatic
embryos, effectively inhibiting embryo maturation above the globular stage. The goal for
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the future will be to develop a system or set of factors for the synchronous maturation and
conversion of multiplied somatic embryos.

4. Conclusions
Based on the presented results, it can be stated that the highest efficiency of the RSE of

narcissus ‘Carlton’ was obtained using the Rita bioreactor at the multiplication stage. After
6 weeks of immersion with a frequency of 15 min every 24 h, with a medium containing
25 µM Picloram and 5 µM BA, the biomass growth was 1.3. The highest efficiency of
embryo differentiation (152.6 embryos per 1 g of inoculum) and, at the same time, the
highest synchronization (98%) can be achieved by transferring the tissue multiplied in
the bioreactor to a solid medium containing 5 µM BA and 0.5 µM NAA for the next
6 weeks. Carrying out differentiation in rotary shaker cultures stimulates multiplication
while reducing the number of somatic embryos obtained.
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Abstract: A micropropagation protocol for growing Clematis ‘Warszawska Nike’ was developed.
The MS medium supplemented with 1 mg·dm−3 BAP showed good results in the case of microshoot
initiation (80%). The addition of BAP to the medium at higher concentrations resulted in the formation
of a large amount of callus tissue at the base of the explant. Of the explants growing on the medium
with the lowest cytokinin concentration, 8% flowered. Very quickly, after just 14 days, the explants
began to die: some of the leaves that developed in in vitro cultures began to turn yellow and wither.
The propagation of shoots was performed in two steps. In the first step, cytokinin BAP and Kin in
various concentrations (0.5–2 mg·dm−3) were added to the MS medium. In the second step, MS
medium with the combinations of BAP (0.5 and 1 mg·dm−3) with IAA or GA3 (1 and 2 mg·dm−3)
was used. The MS medium with 0.5 mg·dm−3 BAP and 2 mg·dm−3 GA3 was the best medium
for the multiplication stage of clematis. Plants growing on this medium had the largest number of
leaves, shoots, and internodes, and were also heavier compared to plants propagated on other media.
The proliferated clematis explants were rooted on MS medium with the addition of IAA or IBA in
different concentrations (0.5 to 4 mg·dm−3). Of the concentrations tested, 0.5 mg·dm−3 IAA was the
most effective one for in vitro root induction. The highest percentage of acclimatized plants (75%)
was observed when the shoots were rooted on MS medium with 0.5 mg·dm−3 IAA.

Keywords: climbers; auxins; cytokinin; gibberellins; in vitro; rooting

1. Introduction

One of the most well-known and widely distributed genera of climbers is the clematis
(Clematis sp.). It has many representatives found in temperate climatic zones. Clematis
belongs to the buttercup family (Ranunculaceae Juss.), and is a medicinally important genus
with over 200 species and 400 varieties and hybrids [1,2]. Plants are a rich source of chemical
compounds with a broad spectrum of applications in pharmacology, such as antibacterial,
anti-inflammatory, anti-cancer, analgesic, and diuretic [3]. Due to their aesthetic value,
many cultivars are grown as ornamental plants. However, the shelf life of cut clematis
flowers is short. Therefore, in Europe, they are primarily planted outdoors, in contrast to
the United States where clematis is cultivated for cut flowers [4].

The Polish breeder of clematis was a Jesuit Father Stefan Franczak (1917–2009), who
named over sixty varieties. Several of its varieties, such as ‘Blue Angel’, ‘Polish Spirit’,
and ‘Warszawska Nike’ have received the Award of Garden Merit, which is the highest
distinction awarded by the Royal Horticulture Society in Great Britain for the best garden
plants [5]. One of them, ‘Warszawska Nike’ (also known as Warsaw Nike), is a resistant,
undemanding, very profusely flowering variety. It has velvety, dark purple-violet flowers
with a diameter of 12–14 cm. Its values are emphasized by the light background of the wall,
leaves, and flowers of other plants. It is recommended for growing in large containers on
balconies and terraces. It reaches 2–3 m [6].

The traditional method is vegetative propagation, by cuttings, in the early summer,
autumn, or winter. This method is more commonly employed than generative propagation
due to its efficiency and the production of progeny plants that are genetically identical
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to the mother plant. Another notable propagation method is grafting, particularly when
Clematis vitalba or C. viticella are utilized as rootstocks, as this leads to rapid plant growth.
Grafting is seldom employed for perennial clematis. Although the method of propagation
by grafting is occasionally used on an amateur scale [7], conventional propagation methods
may not always be efficient for obtaining sufficient plant quantities as raw materials for the
food and pharmaceutical industries. Moreover, the vegetative propagation of some species
and their cultivars can be challenging, with cuttings proving difficult to root. This difficulty
has prompted the development and commercial use of in vitro methods [1]. The essential
objective is to develop and optimize a rapid in vitro culture production technology for
generating plants with high economic and medicinal value, such as Clematis, all year round
and in the desired quantities. In addition, the in vitro technique makes it possible to obtain
plant material free of viruses, bacteria, and fungi, which allows for obtaining healthy plant
material. This is particularly crucial for early large-flowered varieties [8].

The regenerative capacity depends on the genotype, nutrient solution composition,
plant growth regulators (PGRs), and other organic substances [9]. Several studies have
been conducted on Clematis micropropagation, e.g., Parzymies and Dąbski [10] describe
the effect of cytokinin on the in vitro multiplication of C. viticella (L.) and C. integrifolia
‘Petit Faucon’. Chavan et al. [1] achieved a high frequency of propagation of C. heynei
through nodal bud segments. Izadi Sadeghabadi et al. [11] describe the effects of plant
growth regulators on the rooting and growth of the Clematis orientalis L. in in vitro culture.
Mitrofanova et al. [2] developed a propagation protocol for 13 cultivars of Clematis taken in
collection plots of the Nikita Botanical Gardens using somatic embryogenesis and in vitro
organogenesis. Although in vitro culture methods and conditions are similar for different
Clematis genotypes, their requirements for growth regulators in culture media are different.
A review of the literature showed that an in vitro regeneration protocol for this medicinal
climber has not yet been standardized. Therefore, it is important to develop a highly
efficient plant regeneration system for each genotype.

This research aims to develop a micropropagation method for Clematis ‘Warszawska
Nike‘. The optimal content of plant growth regulators in the media at the initiation,
multiplication, and rooting stages will be determined. The influence of auxin content in the
media at the rooting stage on the adaptation of clematis to greenhouse conditions will also
be determined.

2. Materials and Methods
2.1. Preparation of Plant Material

The materials used in this study were one-year-old Clematis ‘Warszawska Nike’ plants.
This cultivar belongs to the Viticella section. To establish in vitro cultures, 2–3 cm stem frag-
ments were used, from which the leaves were removed. The stem fragments were rinsed for
15 min under running water and then immersed for 30 s in 70% ethanol. The pre-decorated
fragments were immersed in a 7% sodium hypochlorite (NaOCl) solution for 20 min. The
next steps were carried out under sterile conditions in a laminar flow cabinet. The NaOCl
was discarded and the shoots were rinsed three times with sterile distilled water. The disin-
fected shoot fragments were dried on sterile tissue paper. Then, the isolated fragments were
placed individually in 15 mL test tubes containing 5 mL of mineral medium, according to
Murashige and Skoog [12], with the addition of the 6-benzylaminopurine (BAP) (Duchefa
Biochemie, Haarlem, The Netherlands) in a concentration from 1 to 3 mg·dm−3.

A total of 50 explants were placed on each type of medium in three repetitions. After
21 days, the number of growth-initiating, dying, and infected cultures was assessed.

2.2. Multiplication and Rooting Stage

Shoot fragments with a length of 2 cm were used to induce organogenesis. The explants
were placed on MS medium with the addition of plant growth regulators in different
concentrations: 0.5 to 2 mg·dm−3 BAP, and 0.5 mg·dm−3 to 2 mg·dm−3 kinetin (Kin)
(Duchefa Biochemie, Haarlem, The Netherlands). In the second experiment, combinations
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of MS medium with the addition of 0.5 or 1 mg·dm−3 BAP, used simultaneously with 1 or
2 mg·dm−3 IAA (indole-3-acetic acid) (Duchefa Biochemie, Haarlem, The Netherlands) or
GA3 (gibberellic acid A3) (Duchefa Biochemie, Haarlem, The Netherlands) were used. As
the control, the MS medium without plant growth regulators was used. After 6 weeks, the
morphological characteristics were measured.

To induce in vitro rooting, the multiplied shoots were placed on a rooting MS medium
with the addition of auxins, IAA or IBA (indole-3-butric-acid) (Duchefa Biochemie, Haar-
lem, The Netherlands), in concentrations from 0.5 to 4 mg·dm−3. The MS medium without
the addition of plant hormones was the control. After 6 weeks, the morphological charac-
teristics were measured.

2.3. Culture Conditions

The experiment on the multiplication and rooting stage was carried out in 10 replicates
of 6 explants in a 200 mL jar filled with 30 mL of the respective medium. At each stage, the
MS medium was supplemented with 30 g·dm−3 sucrose, 0,1 g·dm−3 myo-inositol (Duchefa
Biochemie), and 8 g·dm−3 agar. The pH of the medium was set at 5.7, using 0.1 M solutions
of HCl and NaOH. The medium was sterilized in an autoclave at 121 ◦C and 1 MPa for
20 min. The cultures were placed in a phytotron at a temperature of 24 ◦C and relative
humidity of 70–80%, under a 16 h photoperiod with a photosynthetic photon flux density
(PPFD) of 40 µmol·m−2·s−1 PAR (photosynthetically active radiation).

2.4. Adaptation to Ex Vivo Conditions

The rooting shoots were transferred to multiple pots filled with an organic-mineral
substrate based on peat and perlite in a ratio of 3:1 at pH 6, and a polymer hydrogel additive
of 2.5 g·dm−3 containing nitrogen (N) 0.64% (amide form 0.46%, nitrate form 0.18%) and
potassium oxide (K2O) 0.43% soluble in water.

After 2 weeks, mineral fertilization was applied with a liquid organic-mineral fertilizer
with the following composition: total nitrogen (N) 1.00%, total phosphorus (P2O5) 0.50%,
and total potassium (K2O) 1.74%. Fertilization was applied at a rate of 10 mL·dm−3. At
the same time, Thiram Granuflo 80 WG protection products were applied at a rate of
0.6 g·dm−3 against grey mold.

After 4 weeks, the plantlets were transferred to the greenhouse, where they were
transplanted into pots filled with a mixture of peat, sand, shredded pine bark, and compost
in a ratio of 2:1:1:1 (pH of 6.0). ENTEC fertilizer (25 g·dm−3) was added to the substrate
with the following composition: total nitrogen (N) 14%, including nitrate nitrogen 5.5%
and ammonium nitrogen 8.5%, total phosphorus (P2O5) 7%, total potassium (K2O) 17%,
magnesium (MgO) 2%, sulfur (S) 10%, and micronutrients such as boron (B) 0.02% and zinc
(Zn) 0.01%.

From each rooting medium, 20 explants were planted in three repetitions. The survival
rate (%) was evaluated 2 months after the beginning of the acclimatization.

2.5. Statistical Analysis

All statistical analyses were performed using Statistica 13.0 (StatSoft, Cracow, Poland).
The statistical significance of the differences between means was determined by testing
the homogeneity of variance and normality of distribution, followed by ANOVA with
Tukey’s post hoc test. The significance was set at p < 0.05. When effects were expressed as
percentages, data were arcsin-square-root-transformed before analysis.

3. Results and Discussion

One of the factors influencing the initiation of explants under in vitro conditions is the
type and concentration of plant growth regulators in the culture medium. Low concentra-
tions of growth regulators are essential for the induction and regulation of key physiological
and morphogenetic factors. For each species and cultivar, the optimal concentrations and
combinations of plant hormones in the medium should be selected individually. According
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to several authors [2,3,13], the preferred medium for Clematis initiation is based on the
mineral composition of Murashige and Skoog [12]. Raja Naika and Krishna [3] inoculated
the stem explants on MS with the addition 2,4-D (2,4-dichlorophenoxyacetic acid) with FAP
(6-furfurylamino purine). Still, the organogenic response was noticed only when the MS
medium was augmented with 3 to 5 mg·dm−3 FAP. In contrast, Parzymies and Dąbski [10]
concluded that KIN at a concentration of 10 mg·dm−3 or 5 mg·dm−3 2iP (isopentenyl
adenine) was the best for micropropagation of Clematis viticella shoot tips. In the present
study, BAP was used as the main cytokinin at the initiation stage of clematis in vitro. Single
microshoot formations were observed in the first week of culturing, on all media types.
The largest number (80%) of explants initiated growth on MS medium supplemented with
1 mg·dm−3 BAP. The least (36%) of the plants initiated growth on MS medium with the
addition of 3 mg·dm−3 BAP (Figure 1a,b). In explants placed on medium with the addition
of 0.5 and 2 mg·dm−3 BAP, growth was initiated by 42 and 50%, respectively. Of the
explants growing on the medium with the lowest cytokinin concentration, 8% flowered.
Very quickly, after just 14 days, the explants began to die: some of the leaves that developed
in in vitro cultures began to turn yellow and wither.

At the multiplication stage of clematis ‘Warszawska Nike’, the experiment was divided
into two steps. In the first step, cytokinin BAP and Kin (Kinetin) in various concentrations
(0.5–2 mg·dm−3) were added to the MS medium (Table 1, Figure 1c,d).

Table 1. The influence of the cytokinins BAP and Kin in MS medium on the morphological traits of
clematis ‘Warszawska Nike’.

Morphological Traits Control

Cytokinins

Kin (mg·dm−3) BAP (mg·dm−3)

0.5 1 2 0.5 1 2

Number of leaves 4.75 abc * 3.83 bc 3.75 bc 2.75 c 7.75 a 6.50 ab 3.16 c
Shoot length (cm) 2.51 a 1.83 ab 1.29 b 1.54 ab 1.83 ab 2.16 ab 1.62 ab
Number of nodals 2.00 ab 1.41 abc 1.08 bc 1.08 bc 1.66 abc 2.25 a 0.83 c
Number of shoots 1.33 d 1.47 d 1.68 cd 2.02 bc 2.45 ab 2.88 a 2.03 bc
Fresh weight (g) 0.10 b 0.03 b 0.04 b 0.07 b 0.18 b 0.24 b 0.59 a

* Means followed by different letters in columns are significantly different at the 5% level according to Tukey’s
multiple ranges.

The addition of kinetin to MS medium regardless of the concentration used, had an
inhibitory effect on the growth of plants (Table 1). The addition of BAP to the medium,
especially at higher concentrations, resulted in the formation of a large amount of callus
tissue at the base of the explant (Figure 1d). As the results of our research showed, plants
growing on the medium with the addition of 1 mg·dm−3 BAP had the largest number of
leaves, shoots, and internodes and were also heavier compared to plants propagated on
other media. Only the length of the shoots was lower than in the case of plants propagated
on a medium without plant growth regulators (Table 1). Shoots developed by explants
growing on the medium with the highest BAP concentration (2mg·dm−3) were distorted
and vitrified.
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Figure 1. Micropropagation of Clematis ‘Warszawska Nike’: (a) initiation of explant on the medium
supplemented with 3 mg dm−3 BAP and (b) 0.5 mg dm−3 BAP; (c) explants propagated for 6 weeks
on control medium (d) and medium with the addition of 3 mg·dm−3 BAP with a large amount of
callus tissue; (e) explants propagated on MS medium with the addition of 0.5 mg·dm−3 BAP with IAA
(0.5 mg·dm−3) (f) and with GA3 (2 mg·dm−3); (g) roots of plants on rooting medium (0.5 mg·dm−3

IBA). Scale bar = 1 cm.
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The effect of cytokinin on Clematis multiplication was also described by Kreen et al. [7].
They compared five cultivars of clematis belonging to the section Atragene. Based on their
results, they concluded that the optimal medium for the propagation of this species was MS
with the addition of 1 mg·dm−3 BAP. The efficacy of BAP and Kin during shoot induction
and proliferation has been reported for C. heynei by Chaval et al. [1]. It was observed that
the frequency of axillary shoot proliferation and the number of shoots per explant increased
with increasing concentrations of BAP (4 mg·dm−3) and Kin (3 mg·dm−3) in the MS
medium. The opposite results of our study were obtained by Raja Naika and Krishna [3].
They used MS medium supplemented with a 6-furfuryl amino purine (FAP) and BAP
for the propagation of Clematis gouriana Roxb. Of the concentrations of FAP and BAP
used, adventitious shoot organogenesis was observed only on the medium supplemented
with FAP, whereas the use of low concentrations of BAP (0.5–1.5 mg·dm−3) resulted in
the development of callus tissue. Also, Khanbabaeva et al. [14] observed that BAP in a
concentration of 0.3 mg·dm−3 and 0.4 mg·dm−3 for the propagation of ‘Terry’ varieties of
Clematis plants allows for obtaining a high multiplication factor.

Several authors [1–3,13] recommend the addition of cytokinin in combination with
gibberellin or lower auxin to the medium to induce organogenesis in Clematis plants. Ac-
cording to Gabryszewska [15], gibberellins and cytokinin play a crucial role in the activation
of axillary buds (control of apical dominance) in lilacs (Syringa vulgaris). Gibberellins be-
long to a group of plant growth regulators with effects on the control of cell division and
elongation, as well as on the control of apical dominance (para-dormancy). On the other
hand, the use of higher auxin concentrations in the multiplication stage may potentially
inhibit cytokinin, affecting shoot shortening.

During the multiplication stage on media with the addition of KIN and BAP, despite
the growth of the shoots, we did not obtain satisfactory results due to their poor quality:
a large amount of callus tissue and signs of vitrification were observed. In the second
step of the multiplication stage, BAP in combination with IAA or GA3 was added to the
MS medium, in different concentrations (Table 2). It was observed that the number of
leaves per plant increased with rising concentrations of BAP and IAA in the medium
and decreased with increasing concentrations of BAP and GA3 (Table 2). Clematis on MS
medium supplemented with 1 mg·dm−3 BAP and 2 mg·dm−3 IAA, as well as on MS
with 0.5 mg·dm−3 BAP + 2 mg·dm−3 GA3 developed the largest number of leaves (114%
more leaves compared to the control (4.75)) and shoots (3.21). On the other hand, elevated
concentrations of cytokinin in combination with auxin or cytokinin with gibberellin in the
MS medium exerted an inhibitory effect on the shoot length of Clematis explants. The shoot
lengths were lower than the control (2.54 cm), from 33% to 42% in the MS medium with
BAP + IAA, and from 49% to 12% in the MS medium with BAP + GA3. Additionally, it was
observed that a higher concentration of IAA or GA3 relative to cytokinin BAP stimulated
internode formation. The explants on MS medium supplemented with 0.5 mg·dm−3 BAP
and 2 mg·dm−3 GA3 developed the most internodes (2.83) and shoots (3.67). However, for
both the shoot length and number of internodes, these differences were not statistically
significant. The number of nodes is a commercially significant parameter that significantly
influences the profitability of the conducted production. Only in two scientific reports
published so far has the impact of adding plant growth regulators on its formation been
determined for the Clematis species. Parzymięs and Dąbski [10] found that Clematis viticella
(L.) propagated on MS medium had 2.2 nodes, while when cytokinins (TDZ, BAP, 2iP,
and Kin) were added to it, the number ranged from 2.3 to 3.4. Mitrofanova et al. [2]
investigated the influence of BAP (0.5 to 2 mg·dm−3) and TDZ (at concentrations of 0.66
to 1.98 mg·dm−3) on the propagation of 13 Clematis varieties, including the number of
nodes. A statistical analysis was not conducted between media within the same variety;
however, the differences in the number of nodes between the lowest and highest cytokinin
concentrations were at most twofold. In our recent studies, we obtained similar results:
the number of nodes for plants propagated on MS medium was 2.2, while on the medium
supplemented with BAP and IAA or GA3, it was similar and ranged from 1.66 to 2.83.
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Table 2. The influence of the combinations of BAP with IAA or GA3 in the MS medium on the
morphological traits of clematis ‘Warszawska Nike’.

Morphological Traits Control

BAP + IAA
(mg·dm−3)

BAP + GA3
(mg·dm−3)

0.5 + 1 0.5 + 2 1 + 1 1 + 2 0.5 + 1 0.5 + 2 1 + 1 1 + 2

Number of leaves 4.75 ab * 4.75 ab 6.91 ab 6.83 ab 10.16 a 4.37 ab 10.16 a 6.29 ab 7.20 ab
Shoot length (cm) 2.54 a 1.70 a 1.66 a 1.66 a 1.47 a 1.48 a 2.23 a 1.37 a 1.29 a
Number of nodals 2.00 a 2.16 a 2.08 a 1.66 a 2.25 a 2.16 a 2.83 a 2.12 a 2.08 a
Number of shoots 1.33 e 1.67 de 1.89 d 2.00 d 1.89 d 3.21 bc 3.67 a 3.46 ab 3.01 c
Fresh weight (g) 0.10 b–d 0.10 b–d 0.48 a 0.40 ab 0.22 b–d 0.38 abc 0.31 a–d 0.15 b–d 0.18 a–d

* Means followed by different letters in columns are significantly different at the 5% level according to Tukey’s
multiple ranges.

It was observed that the fresh weight of the plants decreased with increasing concen-
trations of IAA or GA3 in the medium (Table 2). At IAA concentrations of 1 mg·dm−3 and
low BAP concentrations (0.5 mg·dm−3), the explants achieved nearly five times higher fresh
weight compared to the control (0.1 g). A synergistic effect of cytokinin in combination with
auxins was reported for Clematis heynei M.A. Rau [1], and Stevia rebaudiana Bertoni [16,17].
However, Gao et al. [18] achieved an effective adventitious bud proliferation of Clematis
‘Julka’ using MS medium supplemented with 1 mg·dm−3 BAP + 0.2 mg·dm−3 IBA and
0.2 mg·dm−3 GA3. Raja Naika and Krishna [3] observed that the addition of auxin IBA
(indole-3-butyric acid) in a higher concentration (above 0.8 mg·dm−3) and FAP above
5 mg·dm−3 inhibited shoot organogenesis.

During the multiplication stage, the explants of Clematis ‘Warszawska Nike’ were
unable to produce roots. Therefore, the multiplied shoots of clematis were transferred on
rooting media supplemented with auxin IAA or IBA at different concentrations (Table 3,
Figure 1e). Among the tested concentrations, 0.5 mg·dm−3 was the most effective for
in vitro root induction (Figure 1f). After 6 weeks of culture, Clematis explants developed,
at the base of the end of the shoots, an average of 1.75 roots per plant, with an average
length of 3.10 cm and 4.41 cm, respectively. Upon comparison, the roots developed on the
MS medium supplemented with IAA were whitish, brittle, and shorter compared to IBA.
However, plants on the 0.5 mg·dm−3 IAA medium were taller compared to plants on the
0.5 mg·dm−3 IBA medium (2.48 cm). No statistically significant differences were observed
in fresh mass when plantlets were rooted on MS medium supplemented with IAA or IBA,
regardless of their concentrations. Despite this, the highest fresh weight was noted in
plantlets grown on culture media with the lowest concentrations (0.5 mg·dm−3) of auxins
IAA and IBA (0.3 g and 0.25 g, respectively). According to Figiel-Kroczyńska et al. [19], IBA
and IAA are often used for in vitro root initiation and to increase root number and length.
The process of rooting stimulated by the presence of auxins in the medium influences the
elongation of root hair cells by importing auxins into non-root-forming epidermal cells.
The effectiveness of IAA in rooting has been reported by Raja Naika and Krishna [3] for
Clematis gouriana Roxb. Explants rooted well on MS without plant growth regulators as
well as on MS with the addition of 0.1–0.5 mg·dm−3 IAA. Chavan et al. [1] noticed that the
MS medium with the addition of 1 mg·dm−3 IBA was able to produce about 8-9 roots per
Clematis heynei M. A. Rau. plant.

After completing the rooting stage, Clematis seedlings rooted on media with different
IAA or IBA content were transferred directly to pots filled with an appropriate substrate.
The acclimatization rate was measured after two months. The percentage of plants accli-
matized to the greenhouse conditions varied from 0 (for plantlets from MS + 2 mg·dm−3

IBA) to 75% (for plantlets from MS + 0.5 mg·dm−3 IAA). Moreover, a positive correlation
was observed between the in vitro rooting rate and the acclimatization rate. In the case of
IBA concentrations used, plant survivability was lower with a mean of 18.75% (Table 4).
The highest percentage of acclimatized plants in this group (50%) was observed when MS
with the addition of 0.5 mg·dm−3 IBA on the rooting stage was used (Figure 2). In contrast,
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on MS medium supplemented with IAA, the average percentage of acclimatized plants
was 60.42%. The obtained results were also influenced by the conditions in the greenhouse
during adaptation where the main problem was maintaining adequate humidity for the
acclimatized plants. This issue was noted by Kreen et al. [7], who found that microcuttings
require higher relative humidity (100%) than seedlings (80–90%) during acclimatization.
This elevated humidity for stem cuttings increases their susceptibility to grey mold.

Table 3. In vitro rooting of clematis ‘Warszawska Nike’.

Morphological Traits Control

AUXIN (mg·dm−3)

IAA IBA

0.5 1 2 4 0.5 1 2 4

Shoot length (cm) 2.54 a* 2.95 a 1.57 a 1.39 a 1.93 a 2.48 a 1.70 a 1.66 a 1.71 a
Fresh weight (g) 0.10 a 0.3 a 0.29 a 0.06 a 0.13 a 0.25 a 0.05 a 0.08 a 0.11 a
Number of roots 0.00 b 1.75 a 0.41 ab 0.16 b 0.75 ab 1.75 a 0.83 ab 0.33 ab 0.91 ab
Root length (cm) 0.00 b 3.10 ab 2.00 ab 0.18 b 3.19 ab 4.41 a 0.16 b 0.16 b 0.58 ab

* Means followed by different letters in columns are significantly different at the 5% level according to Tukey’s
multiple ranges.

Table 4. Percentage of plants [%] adapted to greenhouse conditions depending on the auxin content
in the rooting medium.

Auxin

Concentrations
(mg·dm−3) Mean

0.5 1 2 4

IAA 75.0 58.3 50.0 58.3 60.42
IBA 50.0 16.7 0.0 8.3 18.75

Mean 62.5 37.5 25.0 33.3 39.60
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4. Conclusions

This paper presents a complete micropropagation protocol for Clematis ‘Warszawska
Nike’. The MS medium supplemented with 1 mg·dm−3 BAP showed good results in the
case of shoot initiation (80%). The MS medium supplemented with 1 mg·dm−3 BAP and
the MS medium with the addition from 0.5 mg·dm−3 BAP and 2 mg·dm−3 GA3 proved to
be very effective for the rapid proliferation/multiplication and growth of clematis explants.
Well-rooted plants on MS medium with the addition of 0.5 mg·dm−3 IAA were adapted
to field conditions and showed a 75% survival rate with normal morphology and growth
characteristics. The developed in vitro regeneration protocol for Clematis ‘Warszawska
Nike’ can help optimize the micropropagation of other plants belonging to the species
under study and may be useful, for example, for the commercial propagation and ex situ
conservation of this medicinal plant.
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Abstract: Kalanchoë gastonis-bonnieri Raym.-Hamet & Perrier is a plant used for medicinal purposes
in the treatment of several ailments. The aim of this study was to analyze the chemical profile of
extracts from K. gastonis-bonnieri embryogenic calli, generated from genetically transformed roots by
Agrobacterium rhizogenes. Putative transformants were verified by PCR. Hydroalcoholic extracts were
obtained and the chemical profile was analyzed by LC-ESI-MS/MS. Root formation was obtained
from 80% of infected seedlings. Fifteen root lines were isolated, and two lines showed prominent
longitudinal growth and profuse branching in the B5 semi-solid medium. In all lines, the formation
of nodules and later embryogenic callus was observed. Putative transgenic root lines were cultivated
in free-plant growth regulators B5 medium. In the two selected lines, the PCR amplification of rolA,
rolB, rolC, rolD, and aux1 genes was detected. The extract of embryogenic calli showed 60 chemical
compounds tentatively identified, such as ferulic acid, quinic acid, neobaisoflavone, and malic acid,
among others, and the chemical profile was different in comparison to wild-type extracts. This
is the first study reporting the analysis of the chemical profile of hairy root extracts derived from
Kalanchoë gastonis-bonnieri. This work displays the great potential for obtaining chemical compounds
of pharmacological importance from hairy roots and facilitates the identification of new useful drugs
against human chronic-degenerative diseases.

Keywords: embryogenic calli; genetic transformation; plant tissue culture; secondary metabolism

1. Introduction

The main drawback of obtaining bioactive compounds from plants is the variation
in the accumulation of secondary metabolites due to development, plant growth cycles,
and diversity of environmental conditions [1]. The biosynthesis and accumulation of
chemical compounds of interest in highly specialized tissues occurs at specific stages of
development [2]. The hairy roots induction through Agrobacterium rhizogenes infection is a
biotechnological alternative to obtain specific secondary metabolites in vitro cultures free of
plant growth regulators [3]. A. rhizogenes is a Gram-negative bacterium of the Rhizobiaceae
family that induces hairy roots disease by infecting higher plants and inserting root loci (rol
genes) from the root-inducing plasmid (Ri) into the plant genome [4]. From hairy roots,
induction of embryogenic calli and regeneration of whole plants has been observed in
species such as Hypericum perforatum [5], Tylophora indica [6], Gentiana utriculosa [7], and
Pentalinon andrieuxii [8].

It has been reported that hairy roots synthesize chemical compounds that are not
detected in wild plants [9]. Furthermore, some authors have reported that both shoots and
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transgenic plants from hairy roots accumulate higher levels of metabolites in comparison
to wild plants. Tusevski et al. (2014) [5], reported the accumulation of naphthodiatrons and
specific phenolic compounds in transgenic shoots of Hypericum perforatum from hairy roots.
Vinterhalter et al. (2019) [10], reported a higher accumulation of xanthones in transgenic
plants of Gentiana utriculosa regenerated by somatic embryogenesis derived from hairy
roots. Hiebert-Giesbrecht et al. (2021) [8], reported the accumulation of terpenoids in leaf
of transgenic plants, obtained from hairy roots, compared to wild Pentalinon andrieuxii.

The species of the genus Kalanchoë (Crassulaceae) are succulent plants, used in tradi-
tional medicine to treat several health conditions such as gastric ulcers, asthma, infections,
tumors, and blood glucose regulation [11]. Additionally, it is an important ornamental
plant. Various studies have been developed around the Kalanchoe genus, which provide
knowledge on human health [12]. The importance of these plants is found in the diversity
of chemical compounds that accumulate which represent the interest in the medicine in-
dustry, and as an ornamental plant due to the diversity of the colors and leaf shapes, these
characteristics contribute to the economic importance of the Kalanchoe genus [13]. In any
case, agronomic management for plant production is extremely important because chemical
compounds accumulate at different parts of the plant and in response to environmental
factors. The production of plants in controlled environments represents an option for main-
taining germplasm and keeping plant diversity with all its benefits [14,15]. The application
of biotechnological tools to develop technologies that can provide interesting metabolites
and generate new plant materials with specific characteristics represents the option to
make the most of natural resources. Thirukkumaran et al. [16], reported the application
of technologies allowing the production of transgenic plants without selectable marker
genes and described that marker-free transgenic K. blossfeldiana could be produced using
ipt-type MAT vector system carrying the chimeric ipt. The transformation of Kalanchoe
pinnata by Agrobacterium tumefaciens with ZsGreen1 by Cho et al. [17] selected optimum
succulent species for future genetic transformation efforts and the development of an
efficient transformation method using a novel fluorescent gene, was accomplished. This
method achieves new cultivars of succulents with eye-catching colors or patterns in the
leaves and flowers. The potential to develop new cultivars with predictable traits in a
reduced period is a great advantage of the genetic transformation approach.

Kalanchoë gastonis-bonnieri Raym.-Hamet & H. Perrier is used in traditional Latin
American medicine as a contraceptive and in the treatment of genital and urinary infections,
diabetes, kidney infections, gastric ulcers, leishmaniasis, and cancer [18–21]. Few studies
have reported the chemical profile of K. gastonis-bonnieri [19,21,22]. The aim of this study
was to analyze the chemical profile of extracts from the embryogenic calli of Kalanchoë
gastonis-bonnieri generated from hairy roots.

2. Materials and Methods
2.1. Plant Material

Kalanchoë gastonis-bonnieri was collected in Centro de Desarrollo de Productos Bióticos-
IPN, Yautepec, Morelos, México (18◦49′53′′ N, 99◦05′37.40′′ W at 1064 m.a.s.l.). The in vitro
plants were obtained from vegetative shoots (size: 2–3 cm) that grew from meristematic
tissue, at the tip of acuminated adult plant leaves from wild-growing plants that were
gently washed with tap water, then with a Tween 20 (Sigma Company, St. Louis, MO, USA)
solution (1%) for 1 min, ethanol (70%) for 2 min and NaOCl (0.5%) during 17 min, and
rinsed 3 times with sterile distilled water between each solution [23]. Vegetative shoots
were cultivated on semi-solid MS (Sigma Company, St. Louis, MO, USA) medium [24], to
which a sterile medium was added with 30 g/L sucrose (Sigma Company, St. Louis, MO,
USA) and 3 g/L Phytagel (Sigma Company, St. Louis, MO, USA) and the pH was adjusted
to 5.8 before autoclaving at 125 ◦C for 15 min. In glass Gerber-type containers with 20 mL
of medium, cultures were incubated in a growth chamber at 25 ± 2 ◦C with a photoperiod
of 16 h light/8 h dark, at 30 µmol/m2s provided by cool white fluorescent tubes, for 35 d.
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2.2. Induction of Transformed Roots

The A. rhizogenes strain A4 was used and cultured in YMB medium (2.8 g/L) with
3 g/L of phytagel (Sigma-Aldrich®, St. Louis, MO, USA) and incubated at 29 ◦C [25] for
3 days. Subsequently, it was kept at 4 ◦C and reseeded every 30 d. In vitro seedlings of
K. gastonis-bonnieri were inoculated in the internodal zone by a longitudinal scalpel wound
with the A. rhizogenes strain A4 and incubated in semi-solid MS medium [24] free of growth
regulators added with 30 g/L of sucrose (Sigma Company, St. Louis, MO, USA), and
2.6 g/L of Phytagel (Phytotech, St. Lenexa, KS, USA) [26]. The transformation frequency
was determined [27]. The bacterium was eliminated from the plant culture with cefotaxime
(Phytotech, St. Lenexa, KS, USA) according to Tavassoli and Safipour-Afshar [28], and the
cultures were maintained in semisolid MS medium [24] with cefotaxime for 30 days with
subcultures every 7 days to eliminate A. rhizogenes residues. The bacteria-free cultures were
transferred to a B5 liquid medium for subsequent analyses. Root segments were individu-
alized and transferred to semi-solid B5 medium [29] phytohormones free, supplemented
with 30 g/L sucrose, 2 g/L polyvinylpyrrolidone, and 2.6 g/L phytagel (Sigma Company,
St. Louis, MO, USA).

Finally, after 55 days, the selected lines were transferred to liquid B5 medium, and the
cultures were maintained at the above-mentioned conditions at 100 rpm and sub-cultured
every 30 days.

2.3. Morphological Description of In Vitro Cultures

The analysis of the culture development was carried out as previously described [30].
The specific growth rate (µ) and the doubling time (T2) were determined as follows:

µ = ln (X − X0/t − t0) × 100 T2 = ln2/(µ)

were, X: Final dry weight, X0: Initial dry weight, t: Final time, t0: Initial time. The plant
material morphology was observed in a stereoscopic microscope (Nikon, SMZ-1500, Tokyo,
Japan), coupled to a PC (Data image, DS33, Tokio, Japan) with a video camera, controller,
and integrated interface. The plant material was disaggregated, and the samples were kept
hydrated with B5 liquid culture medium. The samples were displayed in triplicate [31].

2.4. DNA Extraction and PCR Analysis

Genomic DNA from plant material was extracted using the method of Doyle and
Doyle [32]. Plasmid DNA of A. rhizogenes was extracted with Wizard® Plus SV Minipreps
DNA Purification System kit (Promega Corporation, A1460 Madison, WI, USA), follow-
ing the manufacturer’s protocol. DNA from the A. rhizogenes A4 strain was used as
a positive control, DNA from wild-type K. gastonis-bonnieri plants was used as a neg-
ative control, and sterile distilled H2O was used as a negative control, to develop the
polymerase chain reaction (PCR). The amplification was carried out in a thermal cycler
(Applied Biosystems, Gene Amp PCR Systems 9700, Waltham, MA, USA), using specific
primers according to reports in each case. rolA: 5′-CGTTGTCGGAATGGCCCAGACC-
3′ and 3′-CGTAGGTCTGAATATTCCGGTCC-5′ to amplify a 248 bp fragment, rolB: 5′-
ACTATAGCAAACCCCTCCTGC-3′ and 3′-TTCAGGTTTACTGCAGCAGGC-5′, to am-
plify a 652 bp fragment [33], rolC: 5′-TGTGACAAGCAGCGATGAGC-3′ and 3′-GATTGC
AAACTTGCACTCGC-5′ to amplify a 487 bp fragment, rolD: 5′-CCTTACGAATTCTCTTAG
CGGCACC-3′ and 3′-GAGGTACACTGGACTGAATCTGCAC-5′ to amplify a 477 bp frag-
ment [34] and aux1: 5′-CCAAGCTTGTCAGAAAACTTCAGGG-3′ and 3′-CCGGATCCAAT
ACCCAGCGCTTT-5′ to amplify a 815 bp fragment [35]. DNA electrophoresis was per-
formed in a 1.5% agarose gel at 95V for 60 min. The visualization of the amplified fragments
was mixed with a SYBR ®Green (Lonza, Hayward, CA, USA) solution. Electrophoresis was
analyzed in a photo-documenter (ChemiDoc™ MP Imaging System BIO-RAD, 170-01402,
Hercules, CA, USA).
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2.5. Ultrasound Assisted Extraction (UAE)

Metabolites were extracted in an ultrasound bath Branson (Branson Ultrasonics™,
2510R-MTH, Brookfield, CT, USA) with automatic control of time and temperature and
ultrasound frequency of 40 kHz. A total of 50 mg of dry and ground biomass were mixed
in 2 mL of ethanol (80%, v/v), and were sonicated at 40 ± 5 ◦C for 30 min. Samples were
centrifuged at 3500 rpm for 5 min. The supernatants were recovered and filtered through
cellulose membranes (0.22 µm) (MILLEX® GS). Samples were dryness at 25 ± 2 ◦C and the
dried extracts were stored at 4 ◦C until analyzed [36].

2.6. Chemical Characterization of Kalanchoë Gastonis-Bonnieri Extracts

The chemical profile of extracts was obtained by LC-ESI-MS/MS. Samples were
solubilized in 500 µL of MeOH, HPLC grade (Sigma-Aldrich®) and filtered through nylon
membrane, (0.45 µm, Agilent Technologies, Santa Clara, CA, USA). The mobile phase for
gradient elution consists of two solvents: solvent A (0.1% formic acid (FA) Sigma-Aldrich®

in H2O) and solvent B (0.1% FA in CH3CN/MeOH (1:1; v/v) Sigma-Aldrich®. The linear
gradient profile was as follows: 95% A (5 min), 95–90% A (10 min), 90–50% A (55 min),
50–95% A (65 min), and 95% A (70 min). The injection volume was 10 µL. The flow rate
(0.6 mL/min) was split 1:1 before the MS interface. Electrospray ionization analysis (ESI)
was performed using a micrOTOF-Q II mass spectrometer (Bruker Daltonics, Bremen,
Germany). The mass spectrometer was operated in negative ion mode with a capillary
potential of 2.5 kV, gas temperature of 180 ◦C, drying gas flow of 6 L/min, and nebulizer
gas pressure of 1.0 Bar. Detection was performed at 50–3000 m/z.

The tentative identification of compounds was based on the comparison of the MS
fragmentation profile obtained by the analytical equipment, with the mass spectra of
MassBank of North America (https://mona.fiehnlab.ucdavis.edu accessed on 15 July 2021)
and Competitive Fragmentation Modeling for Metabolite Identification (http://cfmid3
.wishartlab.com accessed on 30 July 2021).

2.7. Statistical Analysis

Relative abundance data of tentatively identified metabolites in K. gastonis-bonnieri
extracts were analyzed by clustered color mapping, using a Pearson distance measurement
mean bond clustering method, using the Heatmapper software (http://www.heatmapper.
ca/, accessed on 15 September 2021).

3. Results
3.1. Morphology of the Kgb1 and Kgb2 Cultures and Molecular Analysis

K. gastonis-bonnieri seedlings were obtained from in vitro cultures. The infection with
A. rhizogenes A4 strain was accomplished and the root formation at the infection site
was observed after 15 d with a transformation efficiency of 80%. Fifteen root lines were
individualized in a semi-solid B5 medium, most of the lines were characterized by slow
growth and poor branching, and the formation of cell aggregates was observed 30 d after
isolation from the initial explant. In vitro cultures of K. gastonis-bonnieri were successfully
initiated from aseptically vegetative shoots isolated from wild-growing plants. The in vitro
shoots were subjected to Agrobacterium-mediated transformation (Figure 1). Figure 1a
shows an uninfected explant (negative control), demonstrating that mechanical injury did
not result in root formation. In Figure 1b–d, the response of different infected seedlings
and the development of hairy roots that emerge from the infection site with plagiotropic
growth is shown; Figure 1b shows abundant proliferation of hairy roots, while in Figure 1c,
d explants with few roots were obtained; Figure 1d shows callus formation and few roots
scarcely hairy developed from the infection site.
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Figure 1. Hairy roots induction and appearance of embryogenic calli of Kalanchoë gastonis-bonnieri. in
the internodal segment 15 days after infection. (a) Control: explant cut out, (b–d) Infected internodal
segments. Reference bar = 1 mm.

A total of 15 lines were individualized and 2 lines, Kgb1 and Kgb2, were selected due
to accelerated growth and abundant secondary roots. Figure 2 shows the follow-up of the
development of Kgb1 and Kgb2 cell cultures at 9 d (Figure 2a), 18 d (Figure 2b), and 25 days
(Figure 2c) of the subculture. The images were captured 90 days after remaining in liquid
B5 medium. The asynchronous growth in different stages of somatic embryogenesis was
observed. The globular (GB), torpedo (T), heart-shaped (H), and embryo (SE), structures
were identified. Embryogenic calli cultures were morphologically heterogeneous, with
asynchronous development, meaning that the growth of dedifferentiated cells, the cell
differentiation, and the development of embryos occur at uncoordinated times, hence the
cellular aggregates in Kgb-1 as Kgb-2 show different stages of embryogenesis through the
25-days of subculture. Figure 2d shows the initial embryogenic aggregates, which were
observed since the roots were isolated from the infected explant and remained in a liquid
medium. These structures were observed in all stages of culture. The lines currently remain
stable with the same characteristics.

Figure 3 shows the amplified fragments of the rolA, rolB, rolC, rolD, and aux1 genes
from the DNA of Kgb1 and Kgb2 lines; none of the analyzed genes was amplified from
K. gastonis-bonnieri wild-type plants. These results suggest that the Kgb1 and Kgb2 lines
were induced in the infection mediated by A. rhizogenes A4 strain. In this work, it is
suggested that both TL-DNA and TR-DNA of A. rhizogenes A4 strain were inserted into
Kgb1 and Kgb2 genomes. It has been reported that the response of a plant species to
genetic transformation by A. rhizogenes is in the function of the integration and combined
expression of rolA, rolB, rolC, and rolD genes [31,32].
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3.2. Analysis of the Chemical Profile of Kgb1 and Kgb2 Extracts

Figure 4 shows changes during the cell growth of Kgb1 and Kgb2 lines. The stages were
defined as follows: stage (I) 1–10 days of culture, as an adaptation period, and changes in
cell growth were observed, stage (II) 11–21 d, increase accelerated biomass with doubling
time for Kgb1 (T2) = 3.31 d and cell growth speed (µ) = 0.20 d−1; while for Kgb2, T2 = 4.15 d
and µ = 0.16 d−1, stage (III) 21–25 d, a decrease in biomass growth was observed, for Kgb1
the T2 = 20.3 d and µ = 0.03 d−1; finally, for Kgb2 T2 = 48.5 d, and µ = 0.01 d−1; stage (IV)
25–35 d, considerable decrease in cell growth was observed in both lines. The chemical

28
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profile of Kgb1 and Kgb2 was analyzed at 9, 18 and 25 days of culture, which were selected
taking quantity biomass as a selection criteria.
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Figure 4. Changes during the cell growth of Kgb1 and Kgb2 lines in liquid B5 medium. The dotted
line indicates the transition between growth stages.

Table 1 shows 60 tentatively identified metabolites in the extracts of Kgb1, Kgb2 lines at
9, 18, 25 daysof culture, and the wild plant of K. gastonis-bonnieri; among them, 18 flavonoids,
11 fatty acids, 5 coumarins, 4 phenolic acids, 3 phenolic compounds, 3 terpenes, 4 carboxylic
acids, 1 alkaloid, 2 amino acids, 1 carbohydrate and 8 compounds grouped as others, based
on chemical structure. The highest number of flavonoids was identified in the wild type,
while fatty acids and carbohydrate were mainly identified in Kgb1 and Kgb2 lines.

The metabolites were identified according to LC-ESI-MS/MS parameters: retention
time, match factor values database, molecular formula, and monoisotopic mass. The tenta-
tive identification of compounds was based on the comparison of the MS fragmentation
profile obtained by the analytical equipment, with the mass spectra of MassBank of North
America and Competitive Fragmentation Modeling for Metabolite Identification.

The Kgb1 and Kgb2 lines showed a differential chemical profile compared to the wild
plant. Particularly, in Kgb1 and Kgb2 extracts the following chemical compounds were
detected: ribose-1-arsenate (0.7), 3-(4-hydroxy-3,5-dimethoxyphenyl)-1-(2,4,6-trihydroxy-3-
methoxyphenyl)propane-1,2-dione (RT = 0.9), 2-(1,3-dihydroxy4-oxocyclohex-2-en-1-yl)-5-
hydroxy-3,6,7-trimethoxy-4H-chromen-4-one (RT = 1.0), sarmentosin epoxide (RT = 1.1), 4-
hydroxycoumarin (RT = 1.4), sarmentosin epoxide (RT = 1.1) D-glutamine (RT = 1.8), 1, 6-
dihydroxy-3,7-dimethoxy-2-(3-methyl-2-butenyl)-8-(3-hydroxy-3-methyl-1E-butenyl)-xanthone
(RT = 5.1), verbasoside (RT = 5.4), 4-coumaric acid (RT = 5.9), ferulic acid (6.0), hallactone
B (RT = 6.3), 6,7,3’,4’-tetrahydroxyflavanone (RT = 6.6), epiafzelechin (2R,3R)(-) (RT = 6.9),
naringenin (RT = 7.0), 3-hydroxytetradecanedioic acid (RT = 7.6), (9S,10E,12S,13S)-9,12,13-
trihydroxy-10-octadecenoic acid (RT = 8.4), 13-HOTrE (RT = 11.3), ipecoside (RT = 12.3), al-
tamisic acid (12.4), a-linolenic acid (RT = 12.8), linoleic acid (RT = 13.3), and heneicosanoic
acid (RT = 14.9), p-coumaraldehyde (RT = 15.2). Although, neobavaisoflavone, malic acid,
heneicosanoic acid, heliannuol A, 3-(4-hydroxy-3,5-dimethoxyphenyl)-1-(2,4,6-trihydroxy-3-
methoxyphenyl)propane-1,2-dione,sarmentosin epoxide, were major compounds in the Kgb1
and Kgb2 cell lines, in comparison to wild plant.
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Figure 5 shows the comparison of the relative abundance of the identified metabolites;
the lowest concentration in red light, while the highest in green light. According to the
row dendrogram, it is observed that the relative abundance of the compounds is different
between extracts of the transformed lines Kgb1, Kgb2, leaf, and wild type root extracts.
Column dendrogram allows for visualizing the formation of two main groups: on the left
the extracts obtained from Kgb1 of 9, 18, and 25 days of culture and Kgb2 of 9 and 25 days,
and on the right side the leaf and wild root extracts. Subgroups are formed between the
Kgb1 and Kgb2 lines, showing the chemical compound diversity between the different
culture days analyzed. Regarding the relative abundance of 4-coumaric acid, ferulic acid,
verbasoside, and 3-(1,2-dihydroxypropyl)-1,6,8-trihydroxyanthracene-9,10-dione. They
were similar at 9 and 25 days between Kgb1 and Kgb2, while the wild type of leaf and
root extracts were similar in relation to the abundance of rugosal A, fisetin, quercetin,
kaempferol-3-O-arabonoside, and y caffeic acid. Dendrogram also shows the identification
of specific compounds in Kgb1 and Kgb2 extracts in the different culture periods. In the
Kgb1-d9 extract, particular compounds were identified as ipecoside, linoleic acid, 2-(1,3-
dihydroxy-4-oxocyclohex-2-en-1-yl)-5-hydroxy-3,6,7-trimethoxy-4H-chromen-4-one, and
linolenic acid. In the Kgb1-d18 extract, specific compounds were identified as 3-(4-hydroxy-
3,5-dimethoxyphenyl)-1-(2,4,6-trihydroxy-3-methoxyphenyl) propane-1,2-dione, 9,12,13-
trihydroxy-10-octadecenoic acid, pyroglutamic acid, quercetin-3-O-vicianoside, and y 13-
HOTrE, while in the Kgb1-d25 extract, the specific identified compounds were epiafzelechin
(2R,3R), 6,7,3’,4’-tetrahydroxyflavanone, and naringenin y 3-hydroxytetradecanedioic acid.
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Likewise, specific compounds were observed in the leaf and/or root extracts: 3-(1,2-
dihydroxypropyl)-1,6,8-trihydroxyanthracene-9,10-dione, kaempferol-7-neohesperidoside,
rugosal A, fisetin kaempferide 3-glucuronide, quercetin, kaempferol-3-O-arabinoside, and
caffeic acid. Similar relative compound abundance was observed for Kgb1 and Kgb2 extracts
at 9 days of culture: ribose-1-arsenate, 4-hydroxycoumarin, D-glutamine, sarmentosin
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epoxide, 4-coumaric acid, and ferulic acid; at 25 days of culture: 4-coumaric acid, ferulic
acid, and verbasoside.

4. Discussion

Some data on transformation efficiency have been reported: 72% in leaf explants of
Solanum erianthum D. Don. [36]; 65% in shoot explants and 60 in leaf explants of Althaea
officinalis [28]; 56% in leaf explants and 29% in seedlings’ inter nodal explants of Salvia
bulleyana [37]. According to this information, the transformation efficiency of A. rhizogenes
strain A4 is diverse; in this work, A4 strain was capable of infecting K. gastonis-bonnieri
tissue which led to genetically modified embryogenic calli. Also, Chaudhuri et al. [38] and
Tavassoli and Safipour-Afshar [28] reported that transformation efficiency was obtained as
a function of culture conditions, Agrobacterium-host interaction, age, and explant type. It
has also been associated with actively dividing cells showing higher transformation rates.

In this work, 15 lines were individualized, and 2 lines, Kgb1 and Kgb2, were selected,
due to accelerated growth and abundant secondary roots. Kgb1 and Kgb2 showed sponta-
neous callus formation. Vinterhalter et al. [10] reported calli and somatic embryo formation
at 35 d of culture, from roots induced with the A. rhizogenes A4M70GUS strain, in Gen-
tiana utriculosa. Hiebert-Giesbrecht et al. (2021) [8] reported in Pentalinon andrieuxii the
formation of embryogenic callus 6 months after obtaining hairy roots with the A. rhizogenes
ATCC15834 strain in leaves and hypocotyls. Results obtained in this work represent the
possibility of whole plant regeneration; moreover, is an interesting tool to carry out ad-
vanced studies on the secondary metabolism of K. gastonis-bonnieri transgenic culture. The
response of K. gastonis-bonnieri agrees with previous reports on the spontaneous formation
of embryogenic calli from hairy roots obtained by Agrobacterium infection, on different
plant species such as Gentiana utriculosa with the A. rhizogenes A4M70GUS strain [1,10],
Pentalinon andrieuxii with the A. rhizogenes ATCC15834 strain [8]; all these strains carrying
the same agropine-like Ri plasmid [39]. It has been suggested that abnormal morphological
features of hairy roots can be a result of the combined participation of rol genes in plant
cells since each gene might be associated with specific phenotypic alterations in Kalanchoë
species; in addition, the response of each plant species against infection by A. rhizogenes is
diverse [38]. In this work, it is suggested that both TL-DNA and TR-DNA of A. rhizogenes
A4 strain were inserted into Kgb1 and Kgb2 genomes. It has been reported that the response
of a plant species to genetic transformation by A. rhizogenes is in function of the integration
and combined expression of rolA, rolB, rolC, and rolD genes [40,41].

The observed difference in the chemical profile of the transformed embryogenic calli
extracts is possibly due to asynchronous growth in the different culture periods [42].
There is wide variability in the compounds reported in K. gastonis-bonnieri, which could
be attributed to the analyzed plant material that includes the plant development stage,
the collection season, and extraction conditions, even among the transformed cell lines
analyzed in this work.

Kgb1 and Kgb2, at 9 days of culture, showed a greater number of detected compounds,
in contrast to culture analyzed at 18 and 25 days, which could be related to the adaptation of
subculture towards the beginning of a new cycle [43]; a lower number of compounds were
detected at 18 days of culture which could be attributed to accelerated cell growth [43,44],
therefore the cell metabolism is redirected toward multiplication and cell growth. Finally, at
25 days of culture, the increase of some compounds was observed, which could be attributed
to the accumulation of compounds related to the embryogenic process. The accumulation
and changes in metabolites detected are related to different stages of development and
growth in the in vitro culture, which is also observed at different developmental stages of
wild plants [45–47] as a part of plant development or in response to epigenetic factors.

The extracts of Kgb1 and Kgb2 lines and leaves showed corchorifatty F acid, a com-
pound identified in rice and other cereals, with antibacterial activity [48]. In Kgb1 and Kgb2
extracts, sarmentosine epoxide was detected, which has shown antihepatotoxic activity [49].
In this work, malic acid, caffeic acid, rugosal A, campferol 3-O-arabinoside, quercetin,
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fisetin, and heliannuol were detected in leaves and roots of K. gastonis bonnieri which have
not been previously reported in wild plants.

Interestingly, hairy root cultures synthesize compounds that have not been detected in
wild plants [9]. Furthermore, some authors have reported that shoots and transgenic plants
obtained from hairy roots accumulate specific metabolites compared to the wild plant.
Tusevski et al. [5], reported an accumulation of naphthodiatrons and specific phenolic
compounds in transgenic shoots obtained of hairy roots from Hypericum perforatum. Vinter-
halter et al. [7] reported xanthones in transgenic Gentiana utriculosa plants regenerated by
somatic embryogenesis from hairy roots. Hiebert-Giesbrecht et al. [8] reported terpenoids
accumulation in leaf extracts of transgenic plants, which were obtained from hairy roots of
Pentalinon andrieuxii.

The phenotypic changes showed in transformed cultures, could be due to (a) position
and (b) number of copies of the T-DNA inserted in the genome of the host cell, (c) the
regulation of gene expression, and (d) protein biosynthesis encoded by rol genes in the
plant cell, among others [7,8].

The biological activity of some of compounds identified in this work has been re-
ported, quinic and malic acid inhibit the growth of S. aureus and P. aeruginosa [50]; the
neobavaisoflavone is a compound that has antioxidant, anti-inflammatory, and anticancer
properties [51]; ferulic acid has a wide variety of effects, especially on oxidative stress,
inflammation, vascular endothelial injury, fibrosis, apoptosis, and platelet aggregation [52].
The compounds detected in Kgb1 and Kgb2 suggest the effect of genetic transformation
through the differential biosynthesis of chemical compounds. It has been reported that
highly specialized plant organs such as roots and leaves are needed for the biosynthesis of
phytochemicals [26]; therefore, Kgb1 and Kgb2 do not develop highly specialized organs,
which could explain the limited accumulation of flavonoids.

5. Conclusions

This is the first report of the chemical profile of transformed cell cultures of K. gastonis-
bonnieri. Specific compounds that have not been reported in K. gastonis-bonnieri wild-type
plants were identified. In vitro, culture of genetically transformed embryogenic calli could
be an alternative to produce metabolites of commercial interest in the pharmacological
industry as treatment against various diseases, such as cancer. In addition, obtaining
transgenic K. gastonis-bonnieri plants from embryogenic callus could be an opportunity
in the ornamental industry since genetic modification could produce plants with differ-
ent phenotype.
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12 Ossolińskich Av., 85-093 Bydgoszcz, Poland

3 Institute of Forensic Genetics, Adam Mickiewicz Avenue 3/5, 85-071 Bydgoszcz, Poland
4 Medical Physics Department, Prof. Franciszek Lukaszczyk Memorial Oncology Center Bydgoszcz,

2 Romanowska St., 85-796 Bydgoszcz, Poland
* Correspondence: lem-rum@ukw.edu.pl

Abstract: Cacti are important in agricultural economies and one of the most popular horticultural
plant groups. The genus Astrophytum is one of the most valuable and desirable cacti for growers and
collectors around the world. By selecting the appropriate breeding methods to induce variations
in combination with modern biotechnology tools for rapid change detection, it is possible to meet
the challenges of the modern world in creating new variability in plants. However, there exists a
lack of research concerning the impact of ionizing radiation on cacti. The aim of the study was to
assess the effects of X-rays at different doses (0 Gy—control, 15, 20, 25, and 50 Gy) on the dynamics of
seed germination in vitro, changes in the color of seedlings, biochemical changes in the content of
metabolites and changes at the molecular level in Astrophytum spp. ‘Purple’. A significant effect of
X-rays on the induction of genetic variation was observed. Remarkably high polymorphism rates
were observed, ranging from 59.09% for primer S12 to a full 100.0% for S3 and S8, as determined
by the SCoT (Start-Codon-Targeted) marker. In addition, a large variation in the content of plant
pigments (anthocyanins, carotenoids, chlorophyll a, and chlorophyll b) was noted. Additionally,
discernible alterations in the color of the tested cactus seedlings, assessed by the RHSCC catalog,
were attributed to the impact of ionizing radiation. These findings hold promise for the application
of radiomutation breeding in acquiring new cactus cultivars.

Keywords: anthocyanins; carotenoids; chlorophylls; ionizing radiation; molecular marker; SCoT; seeds

1. Introduction

The Cactaceae family is relatively large, consisting of 100 genera and approximately
2000 cactus species [1]. Most representatives of this family are found in the Americas,
and the densest concentrations inhabit desert and arid regions, particularly in Mexico, the
southwestern United States, and the southwestern part of the Andean region [2]. Around
the world, cacti have been arousing great interest for years as ornamental plants that are
particularly valued and desired by breeders and collectors. Modern breeding of ornamental
plants is focused on the use of new, constantly improved, and advanced methods, such as
the genetic modification of plants, and biotechnological tools, such as in vitro cultures and
molecular markers [3]. By carefully choosing suitable breeding methods in conjunction with
biotechnological tools, it is possible to fulfill the capacity to meet the market requirements
posed not only by a wide range of consumers but also by a sublime group of collectors
who pay special attention to new and competitive quality features in relation to previously
known cultivars [4–6]. Although the most modern breeding methods are currently based
on gene editing technology like CRISPR/Cas, mutagenic factors such as ionizing radiation
(including X-rays), microwave radiation, high-energy photons, electrons, as well as gold or
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silver nanoparticles, and ethyl methanesulfonate (EMS) remain valuable tools for effecting
genetic changes, especially in ornamental plants boasting large unknown genomes and
in polyploid plants [7–11]. However, the literature lacks studies on the effect of ionizing
radiation on cacti, which hold significant economic importance within the horticultural
market [12].

The genus Astrophytum Lem. is one of the most valuable and relatively rare representa-
tives of the Cactaceae family. This genus comprises six distinct species: Astrophytum asterias,
Astrophytum capricorne, Astrophytum caput-medusae, Astrophytum coahuilense, Astrophytum
myriostigma, and Astrophytum ornatum. This genus has a wide range of colors from green
to brown. During periods of high humidity, Astrophytum specimens are green in color;
however, during periods of drought, the cactus turns brown, merging with the ground.
Flowers of this type are yellow (also with orange centers), oval, and fleshy (with lengths
from 1.25 to 15 cm). The seeds are dark brown and shiny. Cacti of this type have spots
covered with fine flocs [13].

In nature, species belonging to the genus Astrophytum can be found at low elevations,
among shrubs and grasslands. This ecological niche aligns with the warm and subtropical
steppe climate prevalent in regions such as Mexico and Texas [13].

A. asterias Lem. is one of the most desired species by producers and collectors around
the world. It is also the most endangered cactus species in its native environment [14].
This species was first collected in 1843 by Baron von Karwinsky and described as Achinas
echinocactus in 1845 by Józef Zuccarini [13]. Charles Lemaire in 1868 classified the A. asterias
species in the genus Astrophytum. This species name for the plant is widely accepted by the
scientific community up to this day [13].

The progressive degradation of the natural habitats of A. asterias due to competitive
grasses has led to the full protection of this species [14]. Consequently, to protect the genetic
resources of endangered species, including Astrophytum asterias, there arises a necessity
for the development of new and effective methods of reproduction, including in vitro
techniques [15]. Presently, numerous cultivars of this species have been meticulously bred
for commercial purposes.

The use of modern breeding methods (such as the genetic modification of plants) and
biotechnological tools (such as in vitro cultures and molecular markers) can be used to
assess the quality of plant materials, particularly during the initial stages of breeding. This
approach leads to the shortening of the breeding cycle and conscious and monitored gene
transfer, increasing the efficiency of selection and, thus, significantly reducing the costs of
obtaining new cultivars [16].

Morphological features, such as plant color, have proven effective both in exploring
variability and in guiding plant breeding endeavors. Morphological markers, while cheap
and easy due to their operation based on observation and visual analysis, have many
limitations. The disadvantages of this marker system are associated with factors such
as its dependence on environmental conditions, the limited number of markers, the late
appearance of traits enabling assessment, or the dominant–recessive mode of inheritance
of traits [17–19].

In contrast, molecular markers reveal differences at the DNA level, rendering them
among the most reliable marker systems that have revolutionized biological sciences and
fields related to forensic science [20–22].

One of the most innovative techniques is the SCoT (Start-Codon-Targeted) marker
system, developed by the team of Collard and Mackill [23] and others [24,25]. This sys-
tem is based on relatively short and conserved regions that surround the translation start
codon—ATG (adenine–thymine–guanine)—in the plant genome. This marker system has
extended to studies centered on genetic diversity in various plant species, including mango
(Mangifera indica L.) [26], tomato (Lycopersicum esculentum Mill.) [27], peanut (Arachis hy-
pogaea L.) [28], pistachio (Pistacia vera L.) [29], China grass (Boehmeria nivea L. Gaudich.) [30],
quinoa (Chenopodium quinoa Willd) [31], maize (Zea mays L.) [32], and gerberas (Gerbera
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jamesonii) [33]. To the best of our knowledge, this is the first instance of research being con-
ducted on the effects of ionizing radiation on the cactus species Astrophytum spp. ‘Purple’.

The research aims to assess the impact of different doses of applied X-rays on several
aspects of the cactus species Astrophytum spp. ‘Purple’. These aspects include the dynamics
of seed germination in vitro, color changes, biochemical changes (including secondary
metabolites such as carotenoids and anthocyanins), as well as the assessment of the content
of chlorophyll a and chlorophyll b. Additionally, molecular changes will be investigated
utilizing the SCoT marker in Astrophytum spp. ‘Purple’.

2. Materials and Methods
2.1. X-ray Treatment and the Scheme of Experiments

The research material comprised seeds of Astrophytum spp. ‘Purple’, obtained from
our breeding efforts. These seeds underwent irradiation, utilizing X-rays with a nominal
potential of 6 MV, administered through the Clinac 2300 CD accelerator situated at the
Radiotherapy Department of the Oncology Center Prof. Franciszek Łukaszczyk in Byd-
goszcz, Poland. The determination of the required exposure time was carried out in the
Department of Medical Physics, using the Eclipse planning system by Varian.

The research encompassed radiation doses of 0 Gy (control), 15, 20, 25, and 50 Gy.
During irradiation, 500 seeds for each combination (250 Petri dishes for each dose com-
bination with 2 seeds) were contained within a 13.5 × 8 cm string bag (total 2500 seeds).
These bags were situated atop solid water RW3 plates to enhance the secondary radiation
interaction. Additionally, a bolus layer of known thickness, factored into the irradiation
time calculations, was positioned atop the seeds.

After irradiation, the cactus seeds were subjected to presterilization procedures. This
entailed a thorough rinsing under running water for 30 min, followed by rinsing with
distilled water containing a drop of detergent for 5–10 min. Subsequently, the seeds were
immersed in a 0.2% fungicide solution (62.5 WG Switch, Syngenta, Basel, Switzerland)
to which detergent was added for around 17 h (on a shaker). A final soaking in a 0.5%
fungicide solution, Amistar 250 S.C. (Syngenta, Basel, Switzerland), for 15 min was executed.
After this regimen, the seeds were rinsed in distilled water for 5–10 min.

Continuing with the process, meticulous surface sterilization was performed under
sterile conditions. The seeds underwent sequential treatments, including a 5–10 s exposure
to 70% ethanol and a 30 min immersion in a 1.6% sodium hypochlorite solution; finally,
they were rinsed three times for 10 min in sterile distilled water.

The subsequent stage entailed placing the prepared material, two seeds per specimen,
onto MS medium [34]. This medium was solidified with agar (8 g dm−3, BioMaxima
S.A., Lublin, Poland), and the pH was adjusted to 5.8 before autoclaving. The seeds
were positioned within 5.5 cm diameter Petri dishes. The in vitro cultures, sealed with
parafilm, were maintained within a growth room. The conditions in this environment were
maintained at a temperature of 24 ± 2 ◦C under a 16 h photoperiod utilizing Philips TLD
54/34 W lighting and an average quantum irradiance of 47.84 µmol m−2 s−1.

Over the subsequent span of 8 weeks, daily observations were conducted to monitor
the progression of the seed germination dynamics. The appearance of a germ root was
considered a significant macroscopic symptom of seed germination. After 8 weeks, the
seedlings obtained from the seeds were evaluated for color using the RHSCC color cata-
log [35]. In addition, measurements were taken to assess their size and weight, and the
seedlings were set aside for further biochemical and molecular analyses. The experimental
scheme is shown in Figure 1.
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2.2. Biochemical Analyses

Seedlings randomly selected from each combination of radiation dose and color
as determined by the RHSCC color catalog [35] were used for the biochemical tests.
The tests were performed in triplicate for each combination, except for the seedlings
without chlorophyll in Astrophytum spp. ‘Purple’. Due to the notably limited count of
chlorophyll-free seedlings within Astrophytum spp. ‘Purple’, these were primarily reserved
for genetic analyses.

In contrast, seedlings containing chlorophyll, categorized as green and brown seedlings,
formed the primary focus of the biochemical testing. Additionally, creamy white seedlings
(for doses of 0, 15, 20, and 25 Gy) or orange seedlings (for the 50 Gy dose) were included in
the biochemical analysis.

2.3. Extraction of Plant Pigments from the Obtained Seedlings

The prepared plant material was carefully weighed using a precision analytical balance
with an accuracy of 0.1 mg. Each seedling was subsequently crushed separately within
a porcelain mortar, incorporating several dozen mg of quartz sand, which was ground
alongside the seedling. For anthocyanin extraction, 3.5 mL of 1% HCl in methanol was
added, while for the extraction of carotenoids, chlorophyll a, and chlorophyll b, 3.5 mL of
100% acetone was added.

The ensuing phase involved the quantitative filtration of the extracts, achieved through
a funnel equipped with medium-grade qualitative filter paper, into 3.5 mL tubes. Absorp-
tion maxima were identified at wavelengths specific to each pigment (λmax), and absorbance
readings were taken at distinct wavelengths for the cumulative presence of the following:
anthocyanins at 530 nm, carotenoids at 440 nm, and chlorophylls at 645 and 662 nm. The
tests were carried out in triplicate for each combination of color and radiation dose, ex-
cept in specified cases. The content of anthocyanins, carotenoids, and chlorophylls was
assessed using the UV-VIS spectrophotometer (Shimadzu 1601PC, Kyoto, Japan) accord-
ing to the modified procedure of Wettstein [36], Harborne [37], and Lichtenthaler and
Buschmann [38], as referenced in Lema-Rumińska and Zalewska [39].

The algebraic method was used to quantify the concentration of total anthocyanins,
using the following formula:

CA =
A530

h·k
[
g·dm−3

]

where k = 61.7 (extinction coefficient for 3-cyanidine glycoside) and h = 1 cm (layer thickness).
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The concentration of carotenoids was calculated according to the formula:

CK = 4.695·A440

[
mg·dm−3

]

Chlorophyll a was calculated according to the formula:

Ca = 11.24·A662 − 2.04·A645 [µg·mL]

Chlorophyll b was calculated according to the formula:

Cb = 20.13·A645 − 4.19·A662[µg·mL]

2.4. Molecular Analyses

DNA was isolated from the obtained 2-month-old seedlings using a ready-made
DNA isolation kit—Genomic Mini AX Plant (Spin) from A&A Biotechnology (Gdańsk,
Poland). For each combination of radiation dose and color as identified by the RHSCC
color catalog, DNA isolation was performed according to the Genomic Mini AX Plant
(Spin) protocol. Approximately 100 mg of fresh seedling weight was used for the extraction
process. This plant material was placed within a 1.5 mL tube and homogenized with the
FastPrep®-24 device (MP Biomedicals, Irvine, CA, USA). Subsequently, 900 µL of LS lysing
suspension and 20 µL of Proteinase K solution were added. The whole sample was mixed
and incubated at 50 ◦C for 10 min using a Biosan TS-100C thermoshaker (Biosan Medical-
Biological Research and Technologies, Riga, Latvia) with continuous mixing at 1400 RPM.
To ensure the thorough elimination of RNA, 2 µL of RNAse (10 mg/mL), sourced from
A&A Biotechnology, was added. After incubation, the samples were vortexed for 2 min at
1000–1400 rpm. The samples were then subjected to centrifugation at 14,000× g for 5 min
using a MPW-260R centrifuge (MPW Med. Instruments, Warsaw, Poland).

After centrifugation, 600 µL of the supernatant was collected and applied to a 2 mL
Mini AX Spin column. These columns were spun for 30–60 s at 8000× g. After the used 2 mL
tube was removed, the Mini AX Spin column was placed within a fresh 2 mL tube. Washing
was initiated using the first wash buffer (W1) at a volume of 600 µL. The whole sample
was subjected to centrifugation at 8000× g for 30–60 s. Similar steps were taken using the
second wash buffer (W2) at a volume of 500 µL (A&A Biotechnology, Gdańsk, Poland).

The subsequent addition of an N-neutralizing buffer was omitted since the isolated
DNA was not subjected to freezing. Following centrifugation, the utilized 2 mL tube
was carefully removed, and the Mini AX Spin column was transferred to an elution tube.
Subsequently, 150 µL of elution buffer E was loaded, and this mixture was allowed to
incubate at room temperature for 5 min. After the incubation period, the system was
centrifuged for 30–60 s at 8000× g. The column was then removed, and the tube containing
the purified DNA was capped. DNA purity was measured using the NanoPhotometer®

NP 80 (Implen GmbH, Germany). The isolated DNA was stored in a refrigerator at 6 ◦C.
For molecular analyses, seven SCoT primers were employed twice. The attributes of

these primers are outlined in Table 1.

Table 1. Sequences of the SCoT primers used in the molecular analysis.

Primer Sequence 5′-3′

S3 CAACAATGGCTACCACCG

S4 CAACAATGGCTACCACCT

S8 CAACAATGGCTACCACGT

S12 ACGACATGGCGACCAACG

S13 ACGACATGGCGACCATCG

S25 ACCATGGCTACCACCGGG

S33 CCATGGCTACCACCGCAG

47



Agronomy 2023, 13, 2732

PCR reactions were performed within a Thermal Cycler (BIO-RAD, model C1000
TouchTM, Bio-Rad Laboratories, Hercules, CA, USA), employing a total volume of 25 µL.
The final volume consisted of 1 µM of the single primer, 12.5 µL of 2×PCR MIX Plus kit
(A&A Biotechnology, Gdańsk, Poland), which included 0.1 U/µL of Taq DNA polymerase,
4 mM MgCl2, 0.5 mM of each dNTPs, 0.8 ng/µL of template DNA, and sterile water.
The PCR reaction sequence was initiated with an initial denaturation step at 94 ◦C for
4 min. This was followed by 45 cycles: each cycle involved denaturation at 94 ◦C for 1 min,
annealing at 50 ◦C for 1 min, and extension at 72 ◦C for 2 min. The last cycle was followed
by the final extension step of 4 min at 72 ◦C. After the amplification process, 10 µL of the
PCR reaction product was subjected to separation on a 1.5% agarose gel. The gel was
stained with ethidium bromide in 1×TBE buffer.

Electrophoresis took place at 90 V for 20 min, followed by a subsequent run at 110 V
for 90 min within the Standard Power Pack25 chamber (Biometra, Göttingen, Germany).
The loading process involved the utilization of 6× TriTrack DNA Loading Dye (Thermo
Fisher Scientific, Waltham, MA, USA) and the GenRuler Express DNA Ladder ready-to-use
band size marker (Thermo Fisher Scientific).

After the procedure, the acquired products were archived utilizing the Gel Doc™XR+
archiving system (Bio-Rad Laboratories, Hercules, CA, USA). The labeling of the gel
samples can be referenced in Table 2.

Table 2. Genotype designation based on molecular analysis.

No. of Samples Dose of
X-Radiation [Gy] Color of Seedling

1 0 brown

2 0 green

3 0 creamy white

4 15 brown

5 15 green

6 15 creamy white

7 15 orange

8 15 red

9 20 brown

10 20 green

11 20 creamy white

12 20 orange

13 25 brown

14 25 green

15 25 creamy white

16 25 orange

17 50 brown

18 50 green

19 50 creamy white

20 50 orange

21 50 red

2.5. Statistical Analyses

The obtained results from both biochemical analyses and the morphological param-
eters were statistically analyzed using the analysis of variance at a significance level of
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p ≤ 0.05 and Fisher’s F test using the Statistica 13.3 software (StatSoft Polska, Cracow,
Poland). Molecular analyses were performed using GelAnalyzier 19.1 by Istvan Lazar Jr.,
and Istvan Lazar Sr. [40]. Within the molecular analyses, the SCoT marker loci for each
genotype were counted using a binary system. In this system, the presence of a band was
denoted as (1), while the absence of a band was represented as (0). The resultant matrix
served as the basis for subsequent statistical calculations.

The dendrograms were created based on 0–1 binary matrices using agglomerative
hierarchical clustering (AHC) with the unweighted pair–group average method (UP-
GMA) (Statistica 13.3 software, StatSoft, Cracow, Poland). Population groups were distin-
guished based on the Huff et al. [41] genetic distance calculation, analysis of molecular
variance (AMOVA) and principle cluster analysis (PCoA) estimates using GeneAlEx 6.5
software [42].

3. Results
3.1. In Vitro Seed Germination Dynamics following X-ray Exposure

The progression of seed germination in Astrophytum spp. ‘Purple’ subjected to X-ray
treatments at doses of 0 Gy (control), 15, 20, 25, and 50 Gy was closely observed over the
ensuing 8 weeks following the initial sterile sowing on MS medium [34]. During the first
3 days of the in vitro experiment, no observable macroscopic indicators of seed germination
(germ roots) were evident in the Astrophytum spp. ‘Purple’ cacti that had been exposed to
X-rays as well as in the control seeds (Figure 2).
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Figure 2. Percentage of seed germination ± standard deviation (mean ± SD) of Astrophytum spp.
‘Purple’ cactus seeds (control and X-ray-treated) during in vitro culture.

On the fourth day, the onset of germination was detected, marked by the emergence
of a germ root in a single seedling from the pool that had previously been irradiated with
a dose of 20 Gy. However, the commencement of germination for nonirradiated seeds
and those exposed to higher doses (25 and 50 Gy) were notably delayed by approximately
3–4 days in comparison with the 15–20 Gy doses.

The subsequent days, spanning from the sixth to the nineteenth day, emerged as
particularly fruitful in terms of seed germination for those subjected to X-rays at doses of
15 and 20 Gy. The number of germinated seeds for these two doses (15 and 20 Gy) was
significantly higher (p ≤ 0.05) than that of the nonirradiated seeds (0 Gy control) and the
seeds treated with the 25 and 50 Gy doses. It was only on the 19th day of observation
that the number of germinating nonirradiated seeds equaled that of the seeds treated with
20 Gy radiation. Subsequently, from the 22nd day onwards, the number of germinating
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control seeds began to exceed all other combinations, a trend that persisted throughout
the remaining observation period. Between the 14th and 18th days of culture, as well as
from the 36th day until the end of the observation period, the significantly (p ≤ 0.05) least
germinating seeds were identified among those irradiated at a dose of 50 Gy. In comparison
with the control group, the difference in germinating seed count for those treated with
X-rays at a 50 Gy dose was calculated to be 39.23%.

3.2. Evaluation of the Color of Seedlings and the Concentration of Plant Pigments after Seed
Exposure to X-rays

Eight weeks after the irradiation of Astrophytum spp. ‘Purple’ cactus seeds with doses
of 0 Gy (control), 15, 20, 25, and 50 Gy, and after initiating an in vitro culture, an evaluation
of the seedlings’ color was assessed (according to the RHSCC catalog). Additionally, the
concentrations of plant pigments, including anthocyanins, carotenoids, chlorophyll a, and
chlorophyll b, were determined. Conversely, the implementation of X-rays in Astrophytum
spp. ‘Purple’ resulted in the manifestation of a newfound red and orange color in the
seedlings (Figure 3).
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Figure 3. Colors of seedlings obtained as a result of exposure to X-rays (25 Gy) for Astrophytum spp.
‘Purple’ seeds: (a) brown color: Gray–Orange (176B, 176C); (b) green color: Yellow–Green (144A,
144C); (c) red color: Red Group (50C); (d) orange color: Orange Group (28C); (e) creamy yellow color:
Yellow Group (158B); (scale bar = 1 cm; the color symbols in brackets are according to the RHSCC
catalogue; the arrow indicates the seed coat).

The in vitro cultivation of Astrophytum spp. ‘Purple’ seeds resulted in the generation of
1869 seedlings, with 1425 originating from seeds exposed to varying X-rays doses (Figure 4).
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Among these, the highest number of chlorophyll-free seedlings was obtained from seeds
previously exposed to a radiation dose of 50 Gy (5.12%), whereas the lowest number was
obtained from control seedlings not treated with the mutagenic factor (1.33%).
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Figure 4. The number (and percentage) ± standard deviations (mean ± SD) of nonchlorophyll
seedlings and total germinating seeds in Astrophytum spp. ‘Purple’ after X-rays application.

Given the limited number of nonchlorophyll seedlings (as tabulated in Figure 4), these
were primarily designated for genetic analyses. Apart from these, among the seedlings
containing chlorophyll (either green or brown), only creamy white seedlings were observed
for doses of 0, 15, 20, and 25 Gy, while orange ones were noted for the 50 Gy dosage.

Concerning Astrophytum spp. ‘Purple’, all the creamy white seedlings, regardless of
the radiation dose applied, exhibited an absence of anthocyanins, carotenoids, chlorophyll
a, and chlorophyll b (Table 3). For the orange-colored, nonchlorophyll seedlings, the con-
centration of plant pigments was assessed due to their presence in these tested specimens.

Among the various seedlings, the highest concentration of anthocyanins and chloro-
phyll b was detected in the control seedlings (0 Gy dose), while the carotenoid and chloro-
phyll a concentrations were highest for seedlings resulting from prior irradiation of seeds
with a dose of 15 Gy. On the contrary, the lowest levels of anthocyanins, carotenoids, and
chlorophyll a were recorded from seedlings previously treated with a radiation dose of
50 Gy. The lowest concentration of chlorophyll b was observed in seedlings stemming from
seeds subjected to 25 Gy radiation.

Across all the seedlings, irrespective of their color or the previous radiation dosage
administered to the seeds, a reduced concentration of anthocyanins was evident in compar-
ison with the control sample. The highest concentration of these pigments was present in a
green seedling originating from a nonirradiated seed (30.47 mg dm−3), while the lowest
concentration (12.40 mg dm−3) was identified in a green seedling derived from a seed
previously exposed to X-rays at a dose of 50 Gy. A similar level of anthocyanin concentra-
tion to the control (brown seedling: 23.64 mg dm−3; green seedling: 30.47 mg dm−3) was
apparent in material obtained from seeds treated with X-ray radiation of 25 Gy (brown
seedling: 22.88 mg dm−3; green seedling: 23.20 mg dm−3).
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Table 3. Seedling color (according to the RHSCC catalog) and the concentration of the sum of
anthocyanins, carotenoids, and chlorophyll a and b per 1 g of fresh weight of the seedling in relation
to the X-ray dose in Astrophytum spp. ‘Purple’.

Dose of
X-Radiation [Gy]

Color of Seedling
(RHSCC)

Concentration [mg dm−3]

Anthocyanins Carotenoids Chlorophyll a Chlorophyll b

0

176 B, C 23.64 ± 0.00 c * 40.91 ± 0.03 d 41.53 ± 0.02 g 35.81 ± 0.19 a

158 B - - - -

144 A, C 30.47 ± 0.15 a 38.82 ± 0.00 f 45.58 ± 0.10 d 26.12 ± 0.01 e

15

176 B, C 17.42 ± 0.00 e 57.41 ± 0.05 a 75.21 ± 0.37 a 33.50 ± 0.19 b

158 B - - - -

144 A, C 13.56 ± 0.12 i 41.70 ± 0.01 d 51.01 ± 0.00 c 30.10 ± 0.02 c

20

176 B, C 15.45 ± 0.05 f 45.09 ± 0.00 c 43.06 ± 0.03 f 21.41 ± 0.20 f

158 B - - - -

144 A, C 24.37 ± 0.05 b 47.85 ± 0.02 b 66.50 ± 0.00 b 27.12 ± 0.12 d

25

176 B, C 22.88 ± 0.11 d 29.85 ± 0.02 f 35.76 ± 0.00 h 13.51 ± 0.05 h

158 B - - - -

144 A, C 23.20 ± 0.09 d 33.33 ± 0.00 44.57 ± 0.13 e 19.83 ± 0.14 g

50

176 B, C 14.18 ± 0.13 g,h 17.97 ± 0.02 g 24.74 ± 0.00 k 8.28 ± 0.62 i

144 A, C 12.40 ± 0.04 j 8.33 ± 0.01 i 11.15 ± 0.00 i 4.06 ± 0.00 j

28 C 14.68 ± 0.03 g 11.49 ± 0.11 h 7.88 ± 0.15 j 7.70 ± 1.96 i

* Means ± standard deviations within a column marked with the same letter do not differ significantly, with
p ≤ 0.05.

The most substantial carotenoid content was identified in the seedling stemming from a
seed exposed to a radiation dose of 15 Gy, which displayed a brown color (57.41 mg dm−3).
In contrast, the lowest carotenoid levels were observed in the seedling originating from a
seed treated with 50 Gy radiation, which exhibited an orange color (11.49 mg dm−3). In
comparison with the brown control sample (40.91 mg dm−3), seedlings of the same brown
color obtained from seeds treated with the mutagenic agent at 15 and 20 Gy doses exhibited
higher concentrations of anthocyanins (57.41 and 45.09 mg dm−3, respectively).

Considering the green control sample (38.82 mg dm−3), seedlings sharing the same
green color, obtained from seeds exposed to X-rays at 15 and 20 Gy doses, exhibited a
higher concentration of carotenoids (41.70 and 47.85 mg dm−3, respectively).

The highest chlorophyll a concentration (75.21 mg·dm−3) was detected in samples
extracted from the brown seedling whose seeds were subjected to X-ray irradiation at a
dose of 15 Gy. Conversely, the lowest chlorophyll a concentration (7.88 mg dm−3) was
observed in the sample extracted from the orange seedling resulting from a seed treated
with the mutagenic agent at 50 Gy.

Relative to the brown control seedling (41.53 mg dm−3), samples derived from seeds
exposed to radiation doses of 15 Gy (75.21 mg dm−3) and 20 Gy (43.06 mg dm−3) showcased
increased chlorophyll a concentrations. Contrasting with the control sample that was
characterized by a green color, extracts from seedlings of the same hue (resulting from
seeds irradiated at 15 and 20 Gy doses) demonstrated amplified chlorophyll a levels (51.01
and 66.50 mg dm−3, respectively).

Chlorophyll b displayed its highest concentration (35.81 mg dm−3) in the extract from
the brown control seedling, while the lowest concentration (13.51 mg dm−3) was noted in
the extract from the seedling originating from a seed subjected to a 25 Gy radiation dose.

The extract derived from the green seedling, stemming from a seed exposed to X-rays
(15 Gy dose), displayed a higher anthocyanin concentration (30.10 mg dm−3) compared
with the control of the same color (26.12 mg dm−3). A slightly lower chlorophyll b concen-
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tration was observed in the brown seedling resulting from a seed exposed to a radiation
dose of 15 Gy (33.50 mg dm−3) in comparison with the control seedling of the same color
(35.18 mg dm−3) that had not been exposed to the mutagenic agent.

3.3. Molecular Analysis of Cactus Seedlings Obtained In Vitro from Seeds Exposed to X-rays

The outcomes of the molecular investigation conducted using the SCoT marker are
presented in Table 4. The cumulative count of the obtained products for Astrophytum spp.
‘Purple’ totaled 1544, averaging around 220.57 per primer. Notably, the highest number
of products for Astrophytum spp. ‘Purple’ was observed with the S25 primer, while the
lowest count was linked to S8. Band sizes exhibited a range spanning 353 to 4878 base
pairs. In particular, a maximum of 31 loci were identified with primer S25. Remarkably
high levels of polymorphism (ranging from 59.09% for primer S12 to 100.0% for S3 and S8)
were ascertained following X-ray exposure.

Table 4. Number of products, band size range, number of loci, and polymorphisms obtained by
molecular analysis using the SCoT marker in Astrophytum spp. ‘Purple’.

Primer No. of
Products

Band Size
Range [bp]

No. of loci
Total loci

Polymorphism
[%]Monomorphic Polymorphic Specific

S3 137 370–2830 0 21 1 22 100.00

S4 179 516–3613 1 22 1 24 95.83

S8 99 379–2338 0 22 3 25 100.00

S12 278 361–4878 9 11 2 22 59.09

S13 246 353–1900 3 12 4 19 84.21

S25 307 370–3040 3 27 1 31 90.32

S33 298 372–2776 5 18 3 26 80.77

Total 1544 - 21 133 15 169 -

The results of the UPGMA cluster analysis conducted on the examined genotypes
within Astrophytum spp. ‘Purple’ is presented in Figure 5. Notably, the most significant
genetic distance was observed with genotype 11 (creamy white seedling, resulting from
a 20 Gy X-ray dose), which formed a distinct cluster apart from the rest. The correlation
analysis between pigmentation and the molecular test results (UPGMA) showed that the
creamy white color of seedlings was the most genetically distant from the other colors
(genotypes 11, 3, 15, and 19), except for genotype 6, which was genetically close to the
genotype 5 green seedling color (both obtained as a result of a radiation dose of 15 Gy).
However, close genetic relatedness was noted for the orange and red genotypes (genotypes
7 and 8 and genotypes 20 and 21, respectively). Within the two subclusters, genotype 2—a
green seedling that was not subjected to X-rays (control)—emerged as a separate cluster.
Conversely, the smallest genetic distance was noted between genotypes 7 (orange) and 8
(red), both irradiated with a 15 Gy dose, as well as between genotypes 5 (green seedling)
and 6 (creamy white seedling), both subjected to a 15 Gy dose. Similarly, a minimal genetic
distance was recorded between genotype 20 (orange) and 21 (red), both exposed to a 50 Gy
radiation dose.

A slightly different interpretation of the data was provided by the PCoA analysis
of the Astrophytum spp. ‘Purple’ genotypes (1–21) (Figure 6). Among the tested plants,
a distinct group was formed by genotypes 1, 2, and 4. High distinctiveness from other
tested plants was revealed also for genotypes 9, 10, 13, and 14. The majority of the tested
genotypes (3, 5, 6, 7, 8, 11, 12, 15, 16, 17, 18, 19, 20, 21) were arranged in the third uniform
group. The smallest genetic distance was found for genotypes 7 and 8 and for genotypes 5
and 6.
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exposed to various X-ray doses based on SCoT analysis (for genotype designation, see Table 2). Figure 6. Graph of the principal coordinate analysis (PCoA) of Astrophytum spp. ‘Purple’ genotypes
exposed to various X-ray doses based on SCoT analysis (for genotype designation, see Table 2).

The AMOVA analysis confirmed the occurrence of interspecific genetic variation.
Molecular variance amounted to 100% among the tested Astrophytum spp. ‘Purple’ geno-
types, according to the SCoT analysis (Table 5).
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Table 5. Analysis of molecular variance (AMOVA) in the studied Astrophytum spp. ‘Purple’ genotypes
(1–21) based on SCoT analysis.

Summary of AMOVA

Source of variation df SS MS Est. Var. %

Among populations 20 1381.43 69.07 23.02 100%
Within populations 42 0.000 0.00 0.00 0%

Total 62 1381.43 23.02 100%

4. Discussion

Inducing mutations into genes with ionizing radiation is a well-known method of
increasing genetic diversity in crop breeding. X-rays have proven effective in inducing
phenotypic changes in many ornamental plant species, including achimenes, alstroemeria,
azalea, begonia, bougainvillea, chrysanthemum, dahlia, carnation, hibiscus, lily, calla, rose,
and tulip [11,43–50]. However, the literature lacks studies on the effect of ionizing radiation
on cacti.

Mutations can occur spontaneously but at a very low frequency, or they can be artifi-
cially induced through physical or chemical treatments [51]. Among the commonly used
physical agents for inducing mutations, ionizing radiation holds a significant place. This
radiation, due to its high energy, can penetrate deeply into tissues. A crucial consideration
in researching the influence of radiation on mutation formation is the appropriate selection
of plant tissue to be subjected to the mutagenic factor. It is important to note that irradiating
nonmeristematic tissues increases the chance of obtaining genetically altered mutants that
are homogeneous and genetically stable. This phenomenon occurs as these mutants come
from single mutated cells, and the new color may cover the entire plant organ, such as
the inflorescence [52]. Conversely, when dealing with meristematic tissues, genetically
heterogeneous chimeras often emerge, as frequently observed in chrysanthemums [47].

Numerous research teams have delved into the effects of radiation on seeds. Generally,
a high dose of X- or γ-irradiation is understood to impede plant development, thereby
retarding growth [53–56]. Kumar et al. [57] indicated that radiation significantly inhibits
the germination of seeds exposed to higher doses. However, scientists also indicate that a
properly selected small dose can benefit plants [56–60]. Consequently, preliminary studies
are imperative to ascertain the optimal radiation doses. In the context of cacti, these ideal
doses remain unknown [51].

The only study concerning the effect of radiation on cactus seeds, specifically γ-
radiation exposure, was reported by Boujghagh et al. [51]. Prickly pear seeds (Opuntia ficus-
indica) originating from two regions, Aït Baamrane (southern Morocco) and SkhourRhamna
(Marrakech), were exposed to gamma irradiation at varying doses: 50, 100, 150, and 200 Gy.
Germinated seeds were counted every 2 weeks for a period of 4 months. Notably, the
control group displayed a much higher germination rate (97%, equivalent to 0.75 seeds
daily) than the seeds previously exposed to radiation. In contrast, the irradiated seeds
showed a reduction in germination proportionate to the increase in radiation dose.

For seeds from the Aït Baamrane region, the germination rate was lower, with figures of
37% for a 200 Gy dose, 39% for 150 Gy, and 49% for 100 Gy. Likewise, for the SkhourRhamna
region, the germination rates stood at 37% and 42% for a 200 Gy dose, 39% for 150 Gy, and
52% for 100 Gy. This irradiation resulted not only in a decrease in germination capacity
but also extended the time frame for germination. This phenomenon could potentially be
attributed to the damage incurred by the seeds, which, by nature, had an early germination
tendency and relatively thin seed coats. In addition, the irradiated seeds exhibited reduced
water content in comparison with those unaffected by mutagenic agents [58]. As the
experiment concluded, the percentage of nongerminating seeds escalated as the applied
radiation dose increased.

Based on those outcomes, it was determined that the optimal radiation dose for
Opuntia seeds should fall within the range of 50–125 Gy. Within this range, germination
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capacities of 70% (for Aït Baamrane seeds) and 50% (for SkhourRhamna seeds) could be
achieved. Unlike this previous study, no research has been conducted thus far on the
effect of radiation on the seeds of the Astrophytum spp. ‘Purple’ cacti. In these studies, the
varying radiation doses led to fluctuations in the number of seedlings observed, along with
variations in the acceleration or deceleration of seed germination.

Similar to the study by Boujghagh et al. [51], our research also showed a significant
effect of X-rays on seed germination in the tested Astrophytum spp. ‘Purple’. Exposure of
seeds to X-rays resulted in a lower percentage of germinating seeds compared with the
control (0 Gy). The highest dose of 50 Gy resulted in the lowest percentage of germinating
seeds. However, in contrast to the research on prickly pear, despite the adverse effect of
X-rays on the number of seedlings obtained, the use of low doses of radiation had the
beneficial effect of shortening the germination time. Doses of 15 and 20 Gy accelerated the
formation of seedlings by 3–4 days compared with the control (0 Gy). Similarly, in line with
the experiment by Boujghagh et al. [51], an increase in the radiation dose used (25–50 Gy)
delayed germination by 1–2 days compared with the control.

Research by Boujghagh et al. [51] on the germination of Opuntia ficus-indica seeds
irradiated with γ-radiation in vivo suggests that for cacti, the optimal dose should range
from 50 to 125 Gy, yielding 70% and 50% germination, respectively. It is worth noting that
such high doses of ionizing radiation are lethal for most plant species; for example, in the
case of large-flowered chrysanthemums, a dose of 25 Gy is already sublethal [61].

In addition to the selection of the appropriate plant material for irradiation, the
selection of the appropriate radiation dose also assumes significance in the context of
X-ray applications. Suyitno et al. [62] obtained five groups of mutants resulting from
the treatment of orchid seeds (Spathoglottis plicata) with X-rays at dosages of 0 rad, 6 rad,
12 rad, 18 rad, and 24 rad (1 rad = 0.01 Gy). Mutations encompassed variations in the leaf
structure (thick, unopened leaves), root system (a proliferation of lateral roots), and shoot
development (feeble, swollen shoots), pigmentation shifts (yellow leaf coloration, white
leaf spots), and accelerated flowering. Their findings demonstrated that doses between
12 rad and 18 rad had the capacity to spur morphological diversity, particularly pertaining
to roots, leaves, and shoots.

Our investigation into cacti showed a pronounced influence of X-rays in increasing
the number of nonchlorophyll-bearing seedlings in Astrophytum spp. ‘Purple’. In this
species, the percentage of nonchlorophyll seedlings displaying orange, creamy white, and
red colorations surged in tandem with escalating X-ray dosages (ranging from 1.44% at
15 Gy to 5.12% at 50 Gy). In the case of our research involving Astrophytum spp. ‘Purple’,
the percentage of nonchlorophyll seedlings was amplified proportionally with the dosage
of radiation administered, with the highest recorded at the 50 Gy threshold.

The study conducted by Miler et al. [9] equally underscored the significance of selecting
an appropriate radiation dose. Miler et al. [9] studied the effect of irradiation at different
levels (5, 10, and 15 Gy) on the ovules of the large-flowered chrysanthemum cultivars
‘Professor Jerzy’ and ‘Karolina’.

The assessment encompassed growth and flowering parameters, wherein the most
satisfactory results were achieved at a dosage of 10 Gy. This particular dose exhibited the
most effectiveness in eliciting stable mutations in inflorescence color and form, devoid of
undesirable side effects, such as a delay or extension of cultivation time. In the context of
the ‘Professor Jerzy’ cultivar, the new phenotypes of inflorescences emerged as dark yellow
and pinkish, while in the case of ‘Karolina’, the mutation led to orange–red inflorescences.
Elevating the radiation dosage demonstrated a negative correlation with the ability to
regenerate the explants.

Findings from the investigation involving Astrophytum spp. ‘Purple’ cacti showed
that the percentage of nonchlorophyll seedlings was most pronounced at the 50 Gy dose.
Our research aligns with this, affirming the relationship between escalated dosage and
heightened phenotypic changes.
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In ornamental plants like chrysanthemums, the color of their inflorescence hinges
on the presence and quantity of various pigments, including anthocyanins, carotenoids,
flavones, and flavonols, predominantly found in the L1 and L2 layers [47,63]. Anthocyanins
are responsible for generating the blue, red, and violet colors, while flavonols and flavones
contribute to the white, cream, and yellow colors. Carotenoids influence colors ranging
from yellow to red and orange [39]. Chlorophyll assumes a crucial role in converting light
energy into chemical energy, serving as an indicator of plant metabolism efficiency and
health. Carotenoids, conversely, play a major role in photoprotection and defense against
oxidative stress in plant cells [64–67]. The emergence of new inflorescence colors is often
attributed to modifications in the biosynthetic pathways of plant pigments [68].

While anthocyanins are commonly found in higher plants, in cacti and many other
species within the Caryophyllales order, they are replaced by betalains. The biosynthesis of
anthocyanins can be blocked at a late stage during the transition from dihydroflavonols
to anthocyanins. Sakuta et al.’s [69] research on dihydroflavonol 4-reductase (DFR) and
anthocyanidin synthase (ANS) isolation and functional characterization revealed that the
absence of anthocyanins is attributed to the suppression of these enzymes. However, in the
transgenic cultivar Astrophytum myriostigma, the possibility of anthocyanin biosynthesis,
instead of betalains, in flower petals was confirmed [69].

The content of plant pigments holds significant sway over the resulting coloration of
plants. Our studies have demonstrated that the relationship between the radiation dose
used and the pigment content differs in the case of Astrophytum spp. ‘Purple’, where an
inverse correlation was observed between increasing X-ray doses and the concentration of
plant pigments. A noteworthy exception was observed at the 15 Gy dose, which resulted in
an increased concentration of carotenoids and chlorophyll a in brown seedlings. Conversely,
the 50 Gy dose yielded the lowest concentrations of anthocyanins, chlorophyll b, and
carotenoids in green seedlings, as well as chlorophyll a in orange seedlings.

Dhawi et al. [70] established that low radiation doses had a positive impact on photo-
synthetic pigments in date palms (Phoenix dactylifera), while higher doses exerted a negative
effect. Their study also indicated that chlorophyll a and carotenoids were more susceptible
to magnetic fields than chlorophyll b. Similarly, Pick Kiong Ling et al. [71] found lower
chlorophyll levels in seedlings exposed to γ-radiation, as compared to nonirradiated sweet
orange (Citrus sinensis) seedlings. Nonetheless, the chlorophyll content appeared to be
largely unaffected by low doses of γ-radiation. Conversely, Abu et al. [72] showed an
increase in chlorophyll a, chlorophyll b, and total chlorophyll levels in γ-irradiated Vigna
unguiculata [70–72]. In the context of Astrophytum spp. ‘Purple’ our studies noted a decrease
in plant pigment concentration with escalating X-ray doses, excluding the 15 Gy dosage.

The determination and differentiation of newly acquired cultivars from their mother
plants often rely on multiple approaches. Morphological traits are analyzed to establish
distinctness, which is often accompanied by an assessment of the qualitative and quanti-
tative composition of the plant pigments [39]. Furthermore, biotechnological tools, such
as molecular markers, are employed to enhance objectivity and reliability [73]. Genetic
markers play a pivotal role in determining genetic distance in mutation breeding.

Our research validated a remarkably high genetic diversity using SCoT markers in
X-irradiated Astrophytum spp. ‘Purple’ seedlings. In parallel studies, X-rays have emerged
as the most effective mutagen against gold nanoparticles and microwaves in L. spectabilis
‘Valentine’ [11]. In particular, the 20 Gy radiation dose demonstrated remarkable efficacy
in inducing mutations in the golden heart. Nonetheless, the number of plants exhibiting
genetic changes remained relatively modest, with only 3.3% displaying alterations in DNA
content post-X-ray irradiation. The number of polymorphisms ranged from 0% to 6.25%,
depending on the SCoT primer, with an average of 2.4 polymorphic loci.

In our research, a notably extensive genetic distance was observed among cactus
seedlings irradiated with a 50 Gy dose. Within the examined cacti, considerably higher
levels of polymorphism in seedlings were discerned, ranging from 59.09% to 100% in the
case of Astrophytum spp. ‘Purple’. It is worth noting that a similar genetic distance was
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generated by the SCoT marker for separate species belonging to the genus Astrophytum
and Frailea [74]. Similar levels of polymorphism (PPB%), ranging from 75% to 100%, were
demonstrated by Nasri et al. [10] in chrysanthemum mutants generated through the action
of the chemical mutagen EMS using the IRAP (Inter-Retrotransposon Amplified Polymor-
phism) marker. It also turned out that the largest genetic distances between seedlings
exposed to X-rays in Astrophytum spp. ‘Purple’ occurred for creamy white genotypes,
which may be the result of differences related to the pigment biosynthesis pathways.

5. Conclusions

X-rays had a noticeable impact on the germination dynamics of Astrophytum spp.
‘Purple’; doses of 15 and 20 Gy accelerated the onset of seed germination by 3–4 days
in comparison with nonirradiated (control) seeds. Conversely, seeds exposed to higher
doses (25–50 Gy) germinated 1–2 days later than the control seeds. The maximum count of
germinating seeds was observed in the nontreated seeds (control—0 Gy), while the 50 Gy
radiation dose exhibited the most pronounced influence in diminishing the number of
germinating seeds relative to the control (by 39.23%) and other radiation doses.

The application of X-rays influenced the percentage of nonchlorophyll seedlings in
Astrophytum spp. ‘Purple’, with the percentage of nonchlorophyll seedlings increasing in
correspondence with the radiation dose, peaking at the 50 Gy dose. The dose of 20 Gy
is optimal for Astrophytum spp. ‘Purple’ due to the significantly higher percentage of
nonchlorophyll seedlings with a simultaneous high percentage of germinating seedlings.
The application of X-rays introduced a novel seedling color (red and orange), a phenomenon
previously unobserved in Astrophytum spp. ‘Purple’. In addition, the effect of X-rays on
seedling color and the varied concentration of plant pigments in seedlings was visible. As
the X-ray dose escalated, a decrease in plant pigment concentration was discerned, even
within a specific color category. An exception was the 15 Gy irradiation, which amplified
the carotenoid and chlorophyll a content in brown seedlings. Notably, the utilization of
50 Gy irradiation resulted in the lowest concentration of anthocyanins, chlorophyll b, and
carotenoids in green seedlings, as well as chlorophyll a in orange seedlings. Creamy white
seedlings exhibited no presence of anthocyanins or carotenoids and chlorophylls.

The significant influence of X-rays on the genetic diversity of seedlings was established
through the application of the SCoT marker, with polymorphism levels proving remarkably
high. In addition, the UPGMA analysis showcased substantial genetic divergence among
the examined genotypes exposed to X-rays. Thus, X-rays can be a valuable tool for breeding
new cultivars in Astrophytum spp.
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Abstract: Black cumin or Nigella sativa L. is a medicinal plant of the Ranunculaceae family that has
enormous importance. It has traditionally been used to cure a lot of diseases since ancient times. In
the current study, the effects of different auxins on callus induction and subsequent somatic embryo
formation of N. sativa L. cv. Black Diamond were examined. The best result of callus induction
was observed when cotyledon explants were incubated in a Murashige and Skoog (MS) medium
supplemented with 1.0 mg L−1 α-naphthaleneacetic acid (NAA). The formation of somatic embryos
was achieved efficiently from cotyledon-derived calli cultured on a 2 mg L−1 Indole-3-butyric acid
(IBA)-containing medium. Furthermore, histological analysis of embryogenic calli was used to
detect the presence of different developmental stages of somatic embryos. In contrast to the calli and
embryos of N. sativa ‘Black Diamond’, which initiated in the dark, light was necessary for the complete
differentiation of callus and embryo cultures into shoots/developed plants. Hypocotyl-derived calli
and embryos were successfully differentiated on IBA at 2.0, 1.0 mg L−1, and NAA at 2.0 mg L−1.
To the best of our knowledge, this work can be considered the first report on the differentiation of
N. sativa ‘Black Diamond’ somatic embryos into developed plants. Moreover, the metabolic profiles of
secondary products of N. sativa ‘Black Diamond’ callus and embryo cultures originated from the best
auxin treatments identified and were compared with that of intact seeds. Callus cultures of N. sativa
‘Black Diamond’ contained thymoquinone (TQ) in a significant percentage of the peak area (2.76%).
Therefore, callus cultures could be used as a perfect alternative source of TQ for pharmaceutical
and therapeutic purposes. In addition, fatty acids and/or their esters were recorded as the major
components in callus and embryo cultures. These vital compounds could be isolated and used for
numerous industrial applications.

Keywords: black cumin; Ranunculaceae; medicinal plants; in vitro cultures; auxins; phytochemicals;
gas chromatography; thymoquinone; antibacterial; anticancer; antioxidant

1. Introduction

Nigella sativa L. is classified as one of the most important medicinal plants containing
volatile and fixed oils in its seeds. It is an annual herbaceous plant belonging to the Ra-
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nunculaceae family [1]. It is widely grown for its black seeds in the countries bordering
the Mediterranean Sea, Middle East, Southern areas of Europe, Pakistan, Iran, India, and
Egypt due to its nutritional, medicinal, and industrial properties [2,3]. It originated from
South and Southwest Asia, North Africa, and the Mediterranean region [4]. N. sativa seed
is described as a medicinal herb. It has largely been used in folk medicine in Arabic and
Asian regions for the remediation of numerous ailments, such as cough, fever, headache,
toothache, gastrointestinal problems, diarrhea, rheumatism, influenza, diabetes, and hy-
pertension [5]. Due to the highly valuable functional nutrients in black cumin seed, its
extract can fortify yogurt [6], honey [7], can be used as a putative therapeutic agent [8], or a
supplementary in the broiler industry [9].

Recently, N. sativa has drawn the attention of scientists to the therapeutic values
and pharmacological effects of its seeds. The seeds have a wide range of biological ac-
tive secondary metabolites, containing TQ, dithymoquinone (DTQ), thymohydroquinone
(THQ), thymol, and carvacrol, which have pharmaceutical potential [10–12]. Analgesic,
anti-inflammatory, anti-allergic, anticancer, anti-asthmatic, hypoglycemic, hypotensive,
antioxidant activity, hepatoprotective effect, immunity stimulation, and antifungal potential
have been reported for this important medicinal plant [13]. However, TQ, the essential
component of N. sativa oil, is the most important one among the other isolated compounds.
TQ exhibited significant antibacterial potential by inhibiting the bacterial biofilm forma-
tion against several human pathogenic bacteria, and it showed anticancer potential and
hepatoprotective activity as well [14–16].

Medicinal plants are rich resources of naturally occurring bioactive compounds that
are widely used as food additives, medicaments, agrochemicals, and perfumes [17]. How-
ever, secondary metabolites have various biological properties; their biosynthesis depends
on genetics, geographical area, climate, and environmental conditions. In addition, their
allocation is very restricted compared to primary metabolites, and many of these com-
pounds occur in nature in very low quantities. Therefore, great efforts have been made
via plant biotechnological approaches towards optimizing the culture conditions to maxi-
mize the secondary metabolite production needed to support industrial production [17].
Biotechnological investigations on this plant species have been carried out [10]. These
studies focused on callus induction for secondary metabolite production [18–22]; callus
differentiation into regenerated shoots [23]; phytochemical elicitation in callus cultures
under salinity stress [4]; enhancing somatic embryogenesis (SE). However, the conversion
of somatic embryos into shoots was not detected [24]. Callus and embryo cultures could be
employed to produce valuable phytochemicals in a short period of time, under controlled
and sterile conditions and even out of the growing season [18]. The extract obtained from
callus cultures of N. sativa showed considerable antimicrobial activity against some bacte-
rial strains. Moreover, thymol content in the extract of callus cultures was examined [10].
Somatic embryogenesis was proven to be an important technique that offers an alternative
pathway for germplasm conservation, mass clonal propagation of elite plants in a short
time, genetic transformation, and synthetic seed production [25].

The previous reports proved that the requirements of plant growth regulators (PGRs)
needed for inducing somatic embryogenesis depend on certain cultivars or genotypes [26].
It is known that exogenously applied auxins could enhance somatic embryogenesis by af-
fecting the endogenous content of auxins in the cultured explant or tissue such as IAA [26].
In addition, the mechanism of natural accrued auxin on SE is related to the type of exoge-
nous auxin, which added to the medium [27]. The effect of synthetic auxins on SE could be
observed as NAA in Picea abies and P. omorika [28], 2,4-D (2,4-dichlorophenoxyacetic acid)
in Coffea [29], and IBA in Digitalis lanata [30].

Therefore, the present investigation aimed to study the influence of exogenous auxins
(i.e., IBA, NAA, and 2,4-D), added separately in various concentrations to MS medium [31],
on the induction of callus and somatic embryos in N. sativa ‘Black Diamond’ from hypocotyl
and cotyledon explants. Moreover, we aim to evaluate the metabolomic profile of N. sativa
‘Black Diamond’ calli and somatic embryos compared to seeds, which are traditionally
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used in the pharmacy. This is in order to examine and enhance the accumulation of the
secondary natural products in these types of tissues.

2. Materials and Methods

This study was conducted in 2021 at the Physiology and Breeding of Horticultural
Crops Laboratory, Department of Horticulture, Faculty of Agriculture, Kafrelsheikh Uni-
versity, Egypt.

2.1. Plant Material and Seed Germination

Seeds of pure diploid (2 n = 12) line, of Nigella sativa L. cv. Black Diamond, originating
from more than five years self-pollination in breeding program at the Faculty of Agriculture,
Kafrelsheikh University, Egypt, were used as starting plant material in this research [32].
Black Diamond is improved cultivar originating from local cultivar under registration as
the first commercial cultivar in Egypt. Seeds were kept (cold stratification) at 4 ◦C for three
weeks to break dormancy and in order to enhance germination. The cold treatment was
reported to be the most efficient for optimal seedling growth [33]. After then, seeds were
washed thoroughly using tap water that contained few drops of polyoxyethylene-sorbitan
monolaurate ((Tween-20), Loba Chemical Company, Mumbai, India). In the laminar air
flow, under aseptic conditions, the seeds were surface sterilized by using 70% ethanol
for 2 min then dipped for 15 min in 0.1% mercury chloride (HgCl2) containing 2–3 drops
of Tween-20. After rinsing 3 times with sterile-distilled water, seeds were cultured for
germination in 350 mL glass jars containing 50 mL of half-strength MS basal medium
containing 3% (w/v) sucrose, 0.7% (w/v) Duchefa agar-agar (Hofmanweg 71, 2031 BH
Haarlem, The Netherlands). The pH of the medium was set at 5.8, and then the medium
was autoclaved for 20 min at 121 ◦C. The cultures were incubated at 22 ± 2 ◦C for 10 days
under dark conditions followed by 16/8 h photoperiod supplied by cool-white fluorescent
lights at photosynthetic photon flux density (PPFD), 30 µmol m−2 s−1, for 10 days.

2.2. Callus Induction and Differentiation, and Somatic Embryo Formation and Conversion
to Plantlets

Hypocotyl and cotyledon explants were taken from 3-week-old in vitro seedlings
of N. sativa ‘Black Diamond’, and were used for callus induction and somatic embryo
formation. All explants were cut into 2–3 mm long segments and thereafter cultured on MS
medium including sucrose (3%) w/v, 0.7% (w/v) agar, and supplemented with different
concentrations of IBA, NAA, and 2,4-D at 0, 1, 2, and 3 mg L−1, added separately to the
different media. Plant growth regulator free (PGR-free) medium was considered as a
control. The pH of the medium was adjusted to 5.8 before autoclaving at 121 ◦C for 15 min.
Explants were inculcated in sterile glass Petri dishes (70 × 15 mm) containing 25 mL of
medium. Cultures were maintained at 22 ◦C in the dark. Callus percentage (%), callus
fresh weight (g) and callus diameter (cm), somatic embryo percentage (%), and number
of somatic embryos per callus were recorded after six weeks of culture. After then, the
cultures were kept at 25 ◦C and 30 µmol m−2 s−1 PPFD light intensity and 16 h/d lighting
period. Callus differentiation percentage and embryo conversion to plantlet percentage
were recorded after 6 weeks of culture. All cultures were sub-cultured after three weeks on
the same medium in dark and light conditions, accordingly.

Equations used in the current study:
Callus percentage (%) = (No. of explant gave callus/total No. of explants) × 100

Somatic embryo percentage (%) = (No. of explant gave embryo/total No. of explants) × 100

Callus differentiation percentage (%) = (No. of callus gave shoot/total No. of callus) × 100

Embryo conversion to plantlets percentage (%) = (No. of embryo conversion to plantlets/Total No.
of embryo) × 100

The tissue culture experiments were factorial from three factors (auxin type and concen-
tration, and type of explant), and they were organized in a completely randomized design.
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Three auxins, four concentrations, and two explant types were examined in the current
study. There were 10 explants per Petri dish (replicate) and 4 replicates per treatment.

2.3. Histological Study of the Embryogenic Callus

The histological analysis was carried out according to Boissot et al. [34]. Embryogenic
calli were isolated from 6-week-old callus culture of N. sativa ‘Black Diamond’. Embryos
were fixed for 24 h in a solution of absolute alcohol, glacial acetic acid, and formaldehyde
(90: 5: 5, v/v/v). Then, the samples were desiccated in a graded sequence of ethanol (70,
95, and 100%) for 1 h each; after that, they were embedded in paraffin wax. Sections of
thickness of 15–20 µm were obtained using a rotary microtome (American optical rotary
microtome, model 820, New York, NY, USA) and fixed to the slides with albumin. Sections
were stained in toluidine blue for 12 h. Then, they were cleared in xylol and mounted in
Canada balsam to be ready for microscopic examination. Ten sections were made for each
sample on one slide, and then the best section was photographed. Observations were made
using a Leica Aristoplan light microscope (Neu-Isenburg, Germany) with Leica DC 300 F
digital imaging.

2.4. Gas Chromatography Analysis of Extracts from Seeds, Calli, and Embryos

The extracts were prepared from 2 g of seeds, callus, and somatic embryos of N. sativa
‘Black Diamond’ at globular stage; the latter ones originated from the best two treatments
for callus induction (1 and 3 mg L−1 NAA) and embryo (2 and 3 mg L−1 IBA) developed
from cotyledon explant, examined via gas chromatography (GC-MS) analysis. The samples
were taken from three replicates. All samples were dried and finely powdered using an
electrical grinder (Moulinex—French-DP706G Zerkleinerer La Moulinette Deluxe, France)
and soaked in chloroform–methanol (C/M 2:1 v/v) in a ratio of 1:5 (w/v) at ordinary room
temperature. The mixture of solvent and samples was covered with aluminum foil. After
this, it was shaken for 24 h. The mixture was filtered using a Bucher funnel, and the residue
was pressed to obtain a maximum amount of the filtrate. The combined filtrates were
mixed with 2.5 g anhydrous sodium sulfate (Na2SO4) to remove traces of water and kept
in a refrigerator for 2 h. After that, the extract was filtered through a Whitman filter paper
(No. 1) and evaporated until dryness on a rotary evaporator (Heidolph—Laborota 4000 eco,
Darmstadt, Germany) at 40 ◦C to remove chloroform, transferred into glass dark bottles,
and kept upon completion of the oil for subsequent analysis. Finally, each extract was
stored in a refrigerator at 4 ◦C [35]. Analysis of the extracts were carried out using Gas Chro-
matography GC-HP (Hewlett Packard, Palo Alto, CA, USA) 6890, with FID detector (flame
ionizing) and DB-23 Column (50%—cyanopropyl—methylpolysiloxane), 30 m × 0.32 mm,
ID = 0.25 µm film thickness. The carrier gas was nitrogen (1 mL min−1 gas flow).

2.5. Statistical Analyses

The obtained results of tissue culture experiments (callus and embryo induction,
differentiation, and development) were analyzed using multiple-way ANOVA. ANOVA
analysis was conducted using CoStat (version 6.311) statistical CoHort software (Berkeley,
CA, USA). The mean separations were conducted using LSD and Duncan’s multiple range
tests, and significance was measured at p ≤ 0.05.

3. Results
3.1. Callus Induction and Somatic Embryo Formation

The obtained data in Table 1 showed highly significant differences for the triple
interaction between the three factors under study on callus induction measurements.
Callus was induced on all tested media from both hypocotyl and cotyledon explants of
N. sativa ‘Black Diamond’. Callus was also initiated on the PGR-free medium in 40–50%
from both studied explants. The highest value of callus percentage (100%) was recorded
for the cotyledon explant when cultured on an MS medium supplemented with 2.0 mg L−1

IBA or 1.0 mg L−1 NAA. Callus diameter was the highest (2.7 cm) for hypocotyl explant
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cultured on MS medium supplemented with 1.0 mg L−1 NAA. Explants produced the
highest callus fresh weight (4.4 for hypocotyl and 4.5 for cotyledon, respectively) on the
medium described above. The best treatment noticed for callus induction was the MS
medium supplemented with 1.0 mg L−1 NAA followed by 3.0 mg L−1 NAA, and cotyledon
was the superior explant (Figure 1A). Regarding embryo formation from calli derived from
hypocotyl or cotyledon explants, the embryo percentage and number of embryos had high
significant differences for the triple interaction between the three factors studied. Both the
hypocotyl and cotyledon explants achieved a maximum value for the embryo percentage
(98%) when were cultured on the MS medium supplemented with 2.0 mg L−1 IBA or
NAA as well as 3.0 mg L−1 IBA. Calli derived from either hypocotyl or cotyledon explants
failed to produce embryos on the MS medium supplemented with 1.0 or 2 mg L−1 2,4-D.
The number of embryos was significantly enhanced for the cotyledon explant cultured on
IBA-supplemented media (2.9 or 2.8 embryos) and for hypocotyl on the 3 mg L−1 IBA-
containing medium (2.8 embryos). The best results for embryo formation were obtained
for cotyledon-derived calli on 2 mg L−1 IBA followed by 3 mg L−1 IBA-containing media
(Figure 1D).

Table 1. Effect of some auxins added at different concentrations on callus induction and embryo
formation from hypocotyl and cotyledon explants of N. sativa ‘Black Diamond’.

Auxins
(mg L−1)

Callus (%) Callus Diameter (cm) Callus Fresh Weight (g) Embryo (%) Number of Embryos
Hyp. Cot. Hyp. Cot. Hyp. Cot. Hyp. Cot. Hyp. Cot.

IBA
0.0 50 c 40 c 0.3 i 0.4 i 1.3 i 0.65 i 6.6 f 3.3 f 0.33 c 0.33 c
1.0 99 a 99 a 2.2 de 1.5 g 3.1 g 2.3 hi 67 d 77 c 1.9 b 2.8 a
2.0 99 a 100 a 1.7 f 1.6 fg 3.2 fg 3.3 ef 98 a 98 a 1.9 b 2.9 a
3.0 97 a 99 a 1.7 f 2.2 de 3.2 fg 3.2 fg 98 a 98 a 2.8 a 2.8 a

NAA
0.0 50 c 40 c 0.3 i 0.4 i 1.3 i 0.65 i 6.6 f 3.3 f 0.33 c 0.33 c
1.0 98 a 100 a 2.7 a 2.4 b 4.4 a 4.5 a 89 b 67 d 2.8 a 1.9 b
2.0 99 a 98 a 1.3 h 1.6 fg 2.4 h 3.5 cd 98 a 98 a 2.7 a 1.9 b
3.0 98 a 98 a 2.4 b 2.3 bcd 3.4 de 4.2 b 78 c 88 b 2.9 a 1.9 b

2,4-D
0.0 50 c 40 c 0.3 i 0.4 i 1.3 i 0.65 i 6.6 f 3.3 f 0.33 c 0.33 c
1.0 97 a 89 b 2.3 bcd 1.3 h 4.2 b 3.6 c 0 g 0 g 1.9 b 1.9 b
2.0 98 a 89 b 2.4 bc 1.2 h 3.5 cd 2.2 i 0 g 0 g 1.9 b 1.9 b
3.0 97 a 99 a 2.1 e 2.1 e 3.4 de 2.2 i 57 e 68 d 1.8 b 1.9 b

Significance
A *** *** *** *** ***
E ** *** *** *** **
C *** *** *** *** N.S

A × E *** *** *** *** ***
A × C *** *** *** *** ***
C × E *** *** *** *** ***

A × C × E *** *** *** *** ***

**, *** significant at p ≤ 0.01, and 0.001, respectively according to Duncan’s multiple range tests followed by
ANOVA. Values followed by the same letters in the same column under the two explants were not significantly
different. A = auxins; C = concentrations; E = explants. A × C × E indicates the significance of the triple interaction
between the three factors (auxins, concentrations and explants); Hyp = hypocotyl and Cot = Cotyledon.

3.2. Differentiation of Calli into Shoots/Plants and Embryo Conversion to Plantlets

Hypocotyl- and cotyledon-derived calli of N. sativa ‘Black Diamond’, initiated in the
dark, were differentiated into shoots in light on all media under investigation, except 2,4-
D-supplemented media (Table 2; Figure 1B,C). Moreover, the somatic embryos, produced
in the dark on the callus originating from both hypocotyl and cotyledon explants, were
differentiated into complete developed plants after they were put into light in all tested
media, except 2,4-D at 1 or 2 mg L−1 (Figure 1D,F). Callus differentiation and embryo
conversion to plantlets percentages showed high significant differences for the triple
interaction between the three factors studied. Hypocotyl-derived calli were differentiated
successfully with the highest significant value (97.7%) on the MS medium supplemented
with 2.0 mg L−1 IBA. However, the embryos produced on hypocotyl-derived calli were
converted to plantlets by percentage (37.7%) on the MS medium supplemented with either
1.0 mg L−1 IBA or 2.0 mg L−1 NAA, while embryos produced on cotyledon-derived calli
were converted to plantlets at percentages of 35.0% and 37.7%, respectively, on the MS
medium supplemented with 2.0 or 3.0 mg L−1 IBA. On the other hand, the embryos on
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embryogenic calli originating from each of the hypocotyl and cotyledon explants did not
differentiate on the MS medium supplemented with 1 or 2 mg L−1 2,4-D.
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Figure 1. Callus and embryo formation of N. sativa ‘Black Diamond’; (A) callus induction of cotyledon
on 1 mg L −1 NAA; (B) callus differentiation; (C) callus differentiation in light conditions (2x * 10x);
(D) somatic embryogenesis on 2 mg L−1 IBA (red arrows refer to embryos); (E) embryo conversion to
plantlets (2x * 10x); (F) complete plantlet developed from somatic embryo.

Table 2. Effect of some auxins at different concentrations on callus differentiation percentage and
somatic embryo conversion to plantlet percentage from each of the hypocotyl and cotyledon explants
of N. sativa ‘Black Diamond’.

Auxins (mg L−1) Embryo Conversion to Plantlets (%) Callus Differentiation (%)
Hyp. Cot. Hyp. Cot.

IBA
0.0 3.3 g 3.3 g 10.0 g 3.3 h
1.0 37.7 a 29.4 c 47.0 c 8.4 f
2.0 23.0 d 35.0 ab 97.7 a 77.7 b
3.0 23.0 de 37.7 a 79.7 b 77.7 b

NAA
0.0 3.3 g 3.3 g 10.0 g 3.3 h
1.0 24.0 d 9.33 f 47.7 c 13.0 e
2.0 37.7 a 27.4 c 49.4 c 50.0 c
3.0 33.7 b 27.7 cd 77.7 b 27.7 d

2,4-D
0.0 3.3 g 3.3 g 10.0 g 3.3 h
1.0 0 h 0 h 0 g 0 g
2.0 0 h 0 h 0 g 0 g
3.0 8.4 f 9.4 f 0 g 0 g

Significance
A *** ***
E * ***
C *** ***

A × E *** ***
A × C *** ***
C × E *** ***

A × C × E *** ***
*, *** significant at p ≤ 0.05, and 0.001, respectively according to Duncan’s multiple range tests followed by
ANOVA. Values followed by the same letters in the same column under the two explants were not significantly
different. A = auxins; C = concentrations; E = explants. A × C × E indicates the significance of the triple interaction
between the three factors (auxins, concentrations and explants).
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3.3. Histological Analysis of the Embryogenic Calli

The histological micrograph of the embryonic calli of N. sativa ‘Black Diamond’ shows
the ideal developmental stages of somatic embryos (i.e., globular, heart, torpedo shaped,
and cotyledonary-stage embryos) (Figure 2).
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Figure 2. Histological micrograph of somatic embryos in N. sativa ‘Black Diamond’ at different stages
of development: globular stage (A); heart stage (B); torpedo stage (C); cotyledon stage (D). The upper
part of the figure shows a microscopic examination of embryonic tissues to confirm the different
stages of growth and development of the embryos, and this was taken at 40× magnification. The
lower part of the figure shows the different stages of living embryos separated from the explant
studied under the binocular microscope at 15× magnification.

3.4. Gas Chromatography Analyses of Callus, Embryo, and Seed Extracts

We chose cotyledon-derived calli of N. sativa ‘Black Diamond’ embryos formed on
them for phytochemical component analyses. Both types of samples originated from the
best treatments of callus induction and embryo formation. Callus and embryo extracts were
examined and compared to seed extract to determine their phytochemical components via
GC–MS spectrophotometry (Tables 3–5). The analysis of the extract of cotyledon-derived
calli, induced on MS medium with 1.0 and 3.0 mg L−1 NAA, showed the presence of
a flavonoid, TQ from polyphenols, fatty acids (i.e., oleic, linoleic, and palmitic acids),
their salts and esters (i.e., methyl palmitate, linoleol chloride, and oleic acid methyl ester),
and amines and their oxides (benzyl amine, onamine 12, and myristamine oxide). The
best results for all phytochemicals were mostly recorded for 3.0 mg L−1 NAA. The most
important bioactive constituent in the callus culture extract was TQ. The percentage of this
compound in the extract of calli produced on 3.0 mg L−1 NAA (2.76%) was nearly twice its
value for calli initiated on 1.0 mg L−1 NAA (1.58%). Unsaturated fatty acids accompanied
with their derivatives, salts, and esters were noticed to be the major component of the
N. sativa ‘Black Diamond’ callus extract. They recorded a percentage of 83% from the total
compounds from callus induced on 3.0 mg L−1 NAA. The other compounds were amines
and their oxides; they represented the rest ratio of the callus extract (Table 3).

68



Agronomy 2023, 13, 2633

Table 3. Phytochemical compounds of N. sativa ‘Black Diamond’ calli derived from cotyledon explant
cultured on 1 and 3 mg L−1 NAA.

No. Compound Molecular Weight RT (min)
Area (%)

1 mg L−1

NAA
3 mg L−1

NAA

1 Thymoquinone 164 7.18 1.58 2.76
2 Onamine 12 213 11.96 8.80 8.14
3 Anastrozole 293 15.05 1.28 -
4 Myristamine oxide 241 15.76 2.98 -
5 Sulfobetaine 14 363 15.77 - 2.86
6 Methyl Palmitate 270 19.61 5.98 7.22
7 Hexadecanoic Acid (Palmitic acid) 256 20.30 4.00 4.32
8 2,3-Dehydro methyl linoleate 294 22.29 10.09 14.62
9 Oleic acid methyl ester 296 22.38 9.2 13.07
10 Elaidic acid methyl ester 296 22.48 2.11 2.75
11 Benzyl amine 234 22.56 2.18 1.87
12 Methyl stearate 298 22.80 1.72 2.41
13 Octadecadienoic acid (Linoleic acid) 280 22.98 5.49 6.85
14 Oleic Acid (cis-9-Octadecenoic acid) 282 23.05 8.21 -
15 Linoleol chloride 298 23.06 - 11.16

16 2,2′-methylenebis
[4-methyl-6-tert-butylphenol] 340 27.02 1.17 1.33

17 Oleic acid 282 27.10 1.17 -
18 Diisooctyl phthalate 390 28.66 30.63 20.64
19 Oleic acid, 3-(octadecyloxy) propyl ester 529 34.29 1.57 -

20
4H-1-Benzopyran-4-One,2-(3,4

Dimethoxyphenyl)-3,5-Dihydroxy-7-
Methoxy

344 35.25 1.83 -
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Table 4. Phytochemical compounds of N. sativa ‘Black Diamond’ embryos produced on calli derived
from cotyledon explant cultured on 2 and 3 mg L−1 IBA, respectively.

No. Compound Molecular Weight RT
(min)

Area (%)

2 mg L−1 IBA 3 mg L−1 IBA

1 Nizatidine 331 11.96 6.42 5.59
2 Bisabolol oxide II 238 14.89 5.66 -
3 Bisabolone oxide A 236 15.40 4.91 -
4 Myristamine oxide 241 15.76 2.12 1.89
5 alpha Bisabolol oxide A 238 16.56 38.10 1.79
6 Methyl Palmitate 270 19.61 4.58 7.15
7 Palmitic Acid 256 20.30 2.72 3.75
8 Octadecadienoic acid, methyl ester 294 22.29 8.08 14.94
9 Elaidic acid methyl ester 296 22.38 8.72 14.72
10 11-Octadecenoic acid, methyl ester 296 22.48 - 3.20
11 1-Morpholino-2-(Benzylamino) Propane 234 22.56 - 1.20
12 Methyl stearate 298 22.79 - 2.86
13 Linoelaidic acid 280 22.98 3.77 6.85
14 Oleic acid -1,2,3,7,8- 282 23.05 6.31 8.72
15 Trans-13-Octadecenoic acid 282 27.10 - 1.50
16 Diisooctyl phthalate 390 28.66 8.61 25.84
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Table 5. Phytochemical compounds of N. sativa ‘Black Diamond’ seed extract.

No. Compound Molecular Weight RT (min) Area (%)

1 Thymol 134 5.25 0.37
2 Thymoquinone 164 7.37 0.98
3 Methyl myristate 242 22.09 0.30
4 Palmitoleic acid 268 25.77 0.55
5 Methyl palmitate 270 26.27 16.00
6 Methyl Heptadecanoate 284 28.16 0.17
7 Methyl linoleate 294 29.42 38.38
8 Methyl oleate 296 29.60 25.03
9 Methyl stearate 298 30.04 8.01
10 8,11-Octadecadienoic acid, methyl ester 294 30.33 0.26
11 Methyl octadecadienoate 294 31.11 0.31
12 Methyl Eicosadienoic 322 32.92 7.09
13 Methyl gadoleate 324 33.02 1.45
14 Heneicosanoic acid 326 33.49 0.73
15 Pentacosylic acid 382 39.74 0.37
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Embryos examined for phytochemical compounds were formed from cotyledon-
derived calli on the MS medium supplemented with 2 and 3 mg L−1 IBA as the best
two treatments for embryo formation. In contrast to the callus extract, the obtained data
indicated the absence of TQ in the embryo extract (Table 4). However, some compounds
were found in both the callus and embryo extracts, i.e., myristamine oxide, methyl palmi-
tate, palmitic acid, elaidic acid methyl ester, methyl stearate, oleic acid, and diisooctyl
phthalate. Moreover, fatty acids and their derivatives are considered to be the main in-
gredients of N. sativa ‘Black Diamond’ embryo extracts. They represent about 90% of the
total compounds measured in embryos, which originated from the medium containing
3 mg L−1 IBA.

A rare occurrence of thymol was detected in the seed extract at 0.37% in all compounds
(Table 5). Moreover, the seed extract contained 0.98% TQ. Fatty acids in the form of salts or
esters represented the main component of the N. sativa ‘Black Diamond’ seed extract, as
well as in callus and embryo extracts. The most important fatty acids that could be found
in the seed extract were oleic acid and linoleic acid.

4. Discussion

Medicinal plants represent a spectacular store of bioactive compounds with various
pharmacological properties. Folk medicine is a wealthy source of remedies. Traditionally,
N. sativa seeds have been consumed to cure several health problems [36]. N. sativa seeds
have been utilized for years as a food preservative and spice, flavoring in bakery products
and cheese, in nutraceuticals and pharmaceutical products, and in functional foods [37].
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In vitro plant cell culture techniques and biotechnological approaches constitute an
invaluable, sustainable, and environmental substitute for the production of these bioactive
compounds to diminish the use of compounds, which synthesize chemically, while decreas-
ing the excessive usage of the available natural resources. Plant cell culture methods allow
for the conservation of plant species, as well as the enhancement of metabolite biosynthesis,
and the possibility of modifying the synthesis pathways [17]. Differences in the chemical
composition of callus tissue and seeds of intact plants have been described for a number of
plant species [22]. Nevertheless, very few studies have focused on metabolic comparisons
between cell/tissue cultures (callus cultures and/or embryo cultures), and original plants
have been reported, even though comparisons of the biological active metabolite content of
cultured cells and tissues with that of the normal plants are of great importance.

Callus induction of N. sativa was reported for the first time by Banerjee and Gupta [38]
but without metabolic identification and/or quantification of the phytochemical content.
After years, callus cultures were proliferated from the stem, young leaf, petiole, and root
of N. sativa plantlet on a solidified MS medium supplemented with 2.15 mg L−1 kinetin
(Kin) and 1 mg L−1 2,4-D in dark conditions [20], and the optimum growth rate of callus
(115.4 ± 2.8 mg day−1) was observed for the leaf explant. This result was in agreement
with those obtained by Chand and Roy [39] and Al-Ani [19], who indicated that the leaf-
derived calli had the highest growth rates. Moreover, the combination of 0.5 mg L−1

from both benzylaminopurine (BAP) and NAA resulted in effective callus induction from
leaf explants of N. sativa [23]. In addition, callus cultures for N. sativa were successfully
initiated on the MS medium supplemented with 1 mg L− 1 NAA and 3 mg L− 1 BAP,
which recorded 80.41% for callus induction and 0.31 mm day−1 for the callus growth
rate [4]. However, the hypocotyl explant was the superior explant for callus induction by
percentage (81.78%), with a callus growth rate of 0.33 mm day− 1. Bibi et al. [18] reported
an increase in the callus induction frequency up to 88%, when cotyledon explants were
cultured on the MS medium containing 4.0 mg L−1 from both NAA and thidiazuron
(TDZ). Chaudhry et al. [21] declared that the highest frequency of callus induction (82%)
of N. sativa was observed for epicotyle explants on the MS medium containing 1.0 mg L−1

NAA and 2.0 mg L−1 Kin. In another study on a medicinal plant of Nigella damascena L.,
Klimek-Chodacka et al. [40] reported that 83% and 100% callus formation were achieved
from hypocotyl and cotyledon explants, respectively, on the MS medium supplemented
with 3 mg L−1 BAP and 0.5 mg L− 1 NAA. These findings are in agreement with our
recently obtained results, which proved that cotyledon-derived explants of N. sativa ‘Black
Diamond’ were more efficient at inducing callus than hypocotyl-derived ones and on the
NAA-containing medium. In the current investigation, the supplementation of NAA at
1.0 mg L−1 gave the best results for callus induction of Black Diamond.

Callus cultures can serve as a means for the production of bioactive compounds in vitro
as they have antioxidant potential or activity, due to the presence of flavonoids and phenolic
compounds, like carvacrol, thymoquinone, and thymol. Because of its bioactivities, the
industrial production of such health-promoting natural products is a main target through
callus culture systems [4]. The callus obtained from the young leaf explant of N. sativa was
proven to have great potential for TQ production [20].

Furthermore, callus can also be used as an explant to establish somatic embryogenesis,
induce rhizogenesis, or can be differentiated into shoots, depending on the type and
concentration of PGRs and the culture media [18,41]. Klimek-Chodacka et al. [40] found that
shoots could regenerate and develop from 95% of hypocotyl-derived calli of N. damascena
after transferring them on hormone-free media, regardless of the callus induction medium
used before. However, in the present investigation, calli derived both from hypocotyl and
cotyledon explants of Black Diamond and embryos formed on them could be regenerated
into shoots/plantlets on the MS basal medium but in low percentages of 3.3–10% compared
with the other auxin treatments (8.4–97.7%).

Somatic embryos are powerful biotechnological tools that can be employed for various
applications, such as for clonal micropropagation, plant improvement, and germplasm
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conservation. They also provide an excellent system to study the early development of
plant morphogenesis and genetic transformation [40]. Few reports concerning the somatic
embryogenesis of N. sativa have been published [24]. They examined some combinations
of 2,4-D and NAA and they found that somatic embryos could be induced in N. sativa, but
their conversion into plants has never been observed. In this work, somatic embryos could
be initiated from cotyledon-derived calli of N. sativa ‘Black Diamond’ on the 2 mg L−1

IBA-supplemented medium.
Plant polyphenols are secondary metabolites with bioactivity, and they are produced

in response to stress conditions in plants to mitigate the harmful effects of free radicals. The
low-molecular-weight phenolic acids and flavonoids are important classes of polyphenols
such as TQ. TQ has prominent antioxidant activity and is of pharmacological interest in
the treatment of many human diseases [18,42]. So, plant in vitro technologies are widely
applied to enhance the production of such high-value-added natural products as natural
antioxidants [43].

Concerning the pharmaceutical importance of N. sativa seeds, the consumption of
black cumin seed extract was confirmed to control many problems, such as cough, break
up renal calculi, delay the carcinogenic process, and treat abdominal pain, diarrhea, and
flatulence. It was also reposted to have anti-inflammatory and antioxidant effects [44].
This extract showed significant antioxidant and anti-inflammatory potential. Most of the
pharmacological effects of N. sativa seeds are due to the quinine constituent, of which TQ is
mainly abundant [45]. Several reports have confirmed TQ as one of the main ingredients
of N. sativa seed extracts where it was found ranging from 8 to 27% [20]. Another study
reported that TQ content in commercial black cumin seed oil (BSO) products varied from
0.07% to 1.88% wt/wt, where the TQ content in those products differed depending on
both the oil source and extraction method [13]. In the current work, it was found that
thymol could be found in the seed extract of Black Diamond but not detected in callus or
embryo extracts. On the contrary, Al-Ani [19] confirmed the production of thymol in the
leaf-derived calli of N. sativa. However, the major constituents in the N. sativa seed extract
are esters of fatty acids, as reported by Mahmmoud and Christensen [36].

In the current study, GC-MS analysis was utilized to compare the secondary product
metabolite profile of the extract from intact N. sativa ‘Black Diamond’ seeds with callus or
embryo culture extracts. In this concern, HPLC analysis, using the standard TQ sample,
indicated that the extract of the leaf callus of N. sativa ‘Black Diamond’ contained the highest
amount of TQ (8.78 mg mL−1). This content was 12-times higher than that measured in the
seed extract (0.74 mg mL−1) [20]. Therefore, callus cultures could be used as an alternative
source of TQ, especially when seeds are not available. TQ is the major active compound in
black cumin seed oil [13]. From the obtained results, TQ is one of the most active products
that could be identified in callus and seed extracts of N. sativa ‘Black Diamond’, but it was
not detected in the embryo extract.

Thirty-two fatty acids (99.9%) have been identified in the extracted fixed oil of N. sativa,
while the major fatty acids were linoleic acid and oleic acid [46,47]. N. sativa seed oil was
reported to contain a mixture of oleic and linoleic acids. They have a particularly significant
role in lowering high blood pressure [36]. Oleic acid could be used in the industry as an
emulsifying or solubilizing agent for the prevention of oxidation in oils [48].

5. Conclusions

Modern plant biotechnology techniques provide scientists with plant cells and tissue
cultures, which allow for maximizing the production of active natural compounds from
medicinal plants. There is increasing interest to study the biochemical properties of prolif-
erated cell cultures under controlled artificial conditions and to compare the results with
those of native plant species. An efficient protocol for enhancing the callus biomass of
N. sativa ‘Black Diamond’ was developed. Callus cultures of N. sativa ‘Black Diamond’ were
successfully induced from cotyledon explants cultured on the MS medium supplemented
with 1.0 mg L−1 NAA. Callus cultures had potency for the further production of health-
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promoting natural products. In addition to the applications of somatic embryos mentioned
before, they should be reinvestigated to be employed for the production of secondary
metabolites of this remarkable medicinal plant. The formation of somatic embryos was
achieved from cotyledon-derived calli of N. sativa ‘Black Diamond’ on the 2 mg L−1 IBA-
supplemented MS medium. This is the first report on the successful conversion of somatic
embryos into plants in N. sativa ‘Black Diamond’. Furthermore, studying the metabolic
profile of callus, embryo, and seed extracts of N. sativa ‘Black Diamond’ to identify phyto-
chemicals that might be found in the extract is not enough. But, also, the quantification of
secondary products is considered urgent to elucidate the exact amount of these metabolites
in in vitro cultures compared with the intact plant, in order to produce them on a large scale,
industrially. Therefore, optimizing the culture conditions via biotechnological techniques is
needed in the future to support the industrial production of the most valuable secondary
products of N. sativa ‘Black Diamond’ through calli and/or embryo cultures.
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Abstract: Plant in vitro cultures have been a crucial component of efforts to enhance crops and
advance plant biotechnology. Traditional plant breeding is a time-consuming process that, depending
on the crop, might take up to 25 years before an improved cultivar is available to farmers. This is a
problematic technique since both beneficial qualities (such as pest resistance) and negative ones (such
as decreased yield) can be passed down from generation to generation. In vitro cultures provide
various advantages over traditional methods, including the capacity to add desirable characteristics
and speed up the development of new cultivars. When it comes to oat (Avena sativa L.), the efficient
method of plant regeneration is still missing compared to the most common cereals, possibly because
this cereal is known to be recalcitrant to in vitro culture. In this review, an effort has been made to
provide a succinct overview of the various in vitro techniques utilized or potentially involved in the
breeding of oat. The present work aims to summarize the crucial methods of A. sativa L. cultivation
under tissue culture conditions with a focus on the progress that has been made in biotechnological
techniques that are used in the breeding of this species.

Keywords: androgenesis; callus; doubled haploids; embryogenesis; organogenesis; wide crossing

1. Introduction

In crop breeding practice, the development of new cereal cultivars takes from several
to several dozen years and is mainly based on generating plants with a high degree of
homozygosity through inbreeding crosses, followed by the selection of individuals with
desirable traits. The use of biotechnological methods allows us to shorten this procedure by
up to several years and involves the obtaining of haploid plants, followed by the generation
of doubled haploid (DH) lines through in vitro culture methods. The obtained homozy-
gous lines guarantee that subsequent generations will be genetically and phenotypically
identical. Therefore, they are increasingly utilized in breeding programs. It is also worth
noting that DH lines have a larger percentage of plants with breeders’ target genes than
the F2 generation and subsequent generations acquired using conventional techniques [1].
Additionally, DH lines find applications in studies involving molecular markers by accel-
erating the derivation of mapping populations and genetic transformations, estimating
recombination fractions, and detecting recessive mutants. They are also an effective means
of genetic enrichment in plants, introducing more favorable alleles into the genome, i.e.,
those that carry traits such as resistance to biotic and abiotic stresses [2].

More than 20 species belonging to the genus Avena L. exist at the diploid, tetraploid,
and hexaploid ploidy levels. Avena sativa L., the most widely cultivated plant, is a hexaploid
(2n = 6x = 42), having three genomes: AA, CC, and DD. Common oat is grown worldwide
in agricultural regions with a temperate climate, and its grains are primarily used for feed
and food production [3]. Despite having lesser economic and commercial significance
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compared to other grains, the scientifically proven health benefits of oat grains make it an
interesting subject of both breeding and genetic research. However, using standard research
methods, the large size and complexity of the oat genome are significant limitations, which
has led to limited advancements in oat research [4].

Haploids are plants in the sporophytic development stage, but with the gametic num-
ber of chromosomes (n). They are produced without the involvement of fertilization by male
gametophyte cells from in vitro cultures of anthers or isolated microspores (androgenesis)
or via female gametophytic cells from in vitro cultures of ovaries or ovules (gynogenesis).
Both methods involve the action of various factors leading to the reprogramming of the
developmental pathway of haploid male and female cells, resulting in the formation of
haploid androgenic or gynogenic embryos rather than gametes. Methods based on gyno-
genesis also include wide crosses, or wide hybridization, involving the forced pollination
of plants belonging to different species or genera. The ground-breaking work on cereal
haploidization was performed by Kasha and Kao [5], who pollinated Hordeum vulgare L.
with the pollen of the wild species Hordeum bulbosum L. This technique, known as the “bul-
bosum method”, proved to be highly efficient and found application in generating haploids
not only of barley or common wheat but also of other plant species. Currently, the most
common pollen donor in wide crosses of cereals is maize (Zea mays L.), followed by pearl
millet (Pennisetum glaucum (L.) R. Br.), sorghum (Sorghum bicolor (L.) Moench), Job’s tears
(Coix lacryma-jobi L.), and cogon grass (Imperata cylindrica) [6]. These crosses result in hybrid
embryos of wheat, oats, triticale, or barley, in which paternal chromosomes are eliminated
during successive nuclear divisions, resulting in haploid embryos containing only maternal
genetic material. Sometimes, however, elimination does not occur properly, and whole
or fragments of donor chromosomes are incorporated into the recipient’s genome. This
most commonly occurs in crosses between plants belonging to the two subfamilies, Pooideae
and Panicoideae, within the family Poaceae. Additional chromosomes from maize or pearl
millet have been observed in both wheat haploids [7,8] and oat haploids [9]. Investigating
the causes of this phenomenon, Mochida et al. [10] found incomplete attachment of the
spindle apparatus to maize centromeres, while Ishii et al. [11] reported chromosome breaks
in pearl millet. The presence of stable maize chromosomes in the oat genome was first
described by Riera-Lizarazu et al. [8], and they were referred to as oat × maize addition
(OMA) lines by Kynast et al. [12]. Since then, these OMAs have been used for physical
mapping of the maize genome [13], studies on CENH3 centromere-specific histones [14], or
gene expression analysis in the C4 photosynthetic pathway [15].

The use of oat in vitro techniques still faces difficulties, even though many of the
methodological issues have been resolved. Moreover, there is a lack of knowledge regard-
ing the mechanism of oat haploid induction. This review paper focuses on oat in vitro
organogenesis, embryogenesis, and haploidization via anther and microspores cultures, via
wide crossing (chromosome elimination), and via the modification of centromere specific
histone CENH3. The paper points out the recent advances in oat in vitro cultures which
might be successfully incorporated in this crop breeding.

2. Callus Culture, Organogenesis, Somatic Embryogenesis, and Cell Suspension of Oat
(Avena sativa L.)

The development of in vitro regeneration techniques is crucial for improving cereals
biotechnologically. Like other Poaceae species, hexaploid oat (Avena sativa L.) can be
regenerated from tissue culture via either organogenesis or somatic embryogenesis. Limited
reports have been published on the development of effective plant regeneration systems
from various tissues and organs in oat compared to the most common cereals, e.g., maize,
rice, wheat, and barley.

2.1. Effect of Explant on Callus Production

Oat callus cultures might be induced from seeds, immature embryos, germination-
stage seedling roots, and germination-stage embryo hypocotyls, as first described by Carter
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et al. [16]. Nine years later, Lörz et al. [17] reported successful plant regeneration from
non-friable calluses that had structured, green primordia. In the same year, Cummings
et al. [18] used germinating immature embryos from 25 oat genotypes as explants for
initiation of callus cultures on B5 [19] or MS [20] media containing from 0.5 to 3.0 mg L−1

2,4-Dichlorophenoxyacetic acid (2,4-D). These cultures were maintained by subculturing to
B5 medium with 1 mg L−1 2,4-D every 4 to 6 weeks. The callus from the cultivar “Lodi”
has been maintained for the longest time and retained the regeneration ability through
18 months. Maddock [21] then notes that morphogenetic oat callus does not appear to
develop from the scutellum, which becomes necrotic, especially when older embryos are
cultivated, but rather from the entire embryo or the mesocotyl area.

The very efficient regeneration method from leaf tissue of six different oat cultivars
named “Coolabah”, “Cooba”, “Blackbutt”, “Mortlock”, “Victorgrain”, and “HVR” was
reported by Chen et al. [22]. Callus was produced using leaf base segments from seedlings
on MS medium with 2 mg L−1 2,4-D; moreover, explants grown in the light or the dark
responded to callus induction similarly. The two-to-five-day old seedlings and the callus
from the first leaf segment demonstrated a comparatively high potential for regeneration.
Therefore, seedling age must be considered as a key variable for in vitro regeneration from
leaf explants in oat. Calluses had been proliferating for more than eight months without
substantial reductions in regeneration capacity.

Shoot apical meristems of A. sativa were also used to establish an effective microprop-
agation method [23]. Explants were obtained from aseptically germinated oat seedlings
and cultivated in vitro. After five weeks in culture on MS medium with various combi-
nations of 2,4-D and N6-benzyladenine (BA), the enlarged apical meristems and multiple
adventitious shoots were produced. All tested oat cultivars formed seedlings at a high
efficiency and fertile oat plants were produced. These in vitro multiplied shoots might
serve as an alternate tissue of selection for oat genetic transformation. Cummings et al. [18]
also obtained calluses from apical meristems capable of plant regeneration on B5 medium
containing 2,4-D.

Nuutila et al. [24] enhanced the regeneration efficiency from oat leaf base cultures by
altering the nitrogen composition and the concentrations of the sugar and auxins in the
culture medium. The effectiveness of inducing embryogenic callus and plant growth was
studied on MS and L3 [25] media. The callus-producing abilities of leaf base segments
1 through 6 were compared. Concerning all cultivars, the first three leaf base segments
produced embryogenic callus, but segments 4–6 either produced very little or none. For
both tested cultivars, “Aslak” and “Veli”, the L3 medium turned out to be more efficient
and produced more embryogenic calluses and plants, compared to the MS medium. Lower
concentrations of ammonium (4.9 mM) and nitrate (29 mM) and high organic nitrogen
(11 mM) in medium caused the highest regeneration of green plants in “Aslak”. On the
other hand, high ammonium (20.1 mM), high nitrate (46.8 mM), and low organic nitrogen
(0.9 mM) concentrations resulted in the greatest green plant regeneration in “Veli”. This
study has additionally demonstrated that both sugar and auxins have a definite impact
on the induction of embryogenesis. For oat leaf base in vitro culture, sucrose and maltose
have been investigated as carbohydrate sources [22,26].

Establishing tissue cultures in oat has frequently run into complications because of the
strong dependency of the donor plant cultivar. The variations in cultivars’ susceptibilities
to genetic programming and the external reprogramming of embryogenically capable cells
might be the cause of the discrepancies. Although it may be reasonable, from the practical
point of view, to choose a medium in routine systems that elicits an average response
from the majority of cultivars, these responses do not always reflect how well or badly
the cultivars generally respond in generally. This genotypic dependency was described by
Cummings et al. [18]. In their investigation, from 25 tested genotypes, 2 failed to initiate
calluses, and 9 of them were able to produce callus but had no regeneration ability. Next,
Rines and McCoy [27] noted that the frequency of callus development varied between oat
cultivars and ranged from 5% to 75%. Studies of Chen et al. [22] showed that it is possible to

80



Agronomy 2023, 13, 2604

obtain the callus form of all tested genotypes in 100% or almost 100% frequency. However,
the rate of regenerable callus formation obtained from leaf base segments was substantially
higher in mature embryos [18,27]. Because they are less genotype dependent, leaf explants
appear to be more appropriate donor materials to produce regenerable oat callus cultures.

2.2. Factors Affecting Organogenesis and Somatic Embryogenesis

In comparison to callus cultures only capable of organogenesis, those capable of so-
matic embryogenesis are more likely to show fast growth rates and very high levels of plant
regeneration. Due to these, the production of friable and embryogenic callus has received
most of the attention in the quest to create tissue cultures of monocotyledonous plants. As
with all cereals, immature tissues must be used to initiate oat in vitro cultures since these
differentiated tissues are typically unable to induce cell division and proliferation. Two
different callus types, some of which can regenerate plants, are regularly generated during
indirect somatic embryogenesis. Typically, the embryogenic callus is friable, compact,
and yellowish-white, and this non-embryogenic is rough-looking, moist, non-friable, and
transparent [28].

The formation of an embryogenic oat callus is reliant on the source of the explant, its
physiological stage, genotype, and the composition of the culture initiation medium. Most
of the work on this topic has utilized immature zygotic embryos as explants to initiate
embryogenic oat cultures [21,27,29–32], cultured on MS medium and supplemented mostly
with 2,4-D in different concentrations. Other explants exhibiting callus formation include
mature seeds [16,17] and mesocotyl of germinated seedlings [30]. Embryogenic calluses
from immature and mature embryos [33,34] and leaf segments [26] have also been used for
gene transfer.

Avena sativa L., Avena sterilis L., and Avena fatua L. are three hexaploid oat species from
which tissue cultures were started and plants were regenerated [27]. Immature embryos
were used to start a variety of tissue cultures, with regenerable-type cultures distinguished
by the presence of organized chlorophyllous primordia in a compact, yellowish-white,
strongly lobed callus. The frequency of regenerable-type cultures was determined by
the embryo size, species, genotype, growing conditions of the donor plants, and 2,4-D
concentrations in the culture induction media. The highest rates of regenerable-type of
cultures were consistently produced by the “Lodi” cultivar and 2 “Lodi”-related lines out
of the 23 investigated A. sativa cultivars. For “Lodi”, this frequency reached 80% in one test.
Only 3 of the 16 A. sterilis lines produced regenerable-type cultures, but more than 20%.
In 7 out of the 32 investigated A. fatua lines, regenerable-type cultures were generated at
rates higher than 45%. The tissue cultures of all three species could regenerate plants after
9–10 subcultures and more than a year in in vitro culture.

Since genotype affects culture initiation frequency and culture type, genotype screen-
ing and selection, as well as the developmental stage of embryos, ought to be a successful
strategy for enhancing oats’ capacity for cell culture. The aim of King et al.’s [35] inves-
tigation was to determine the optimum size of immature embryos of 10 oat cultivars for
callus induction and plant regeneration under in vitro culture. Plant regeneration was
assessed after three months of culturing one hundred immature embryos on MS medium
with different 2,4-D concentrations. No differences between cultivars were observed in
the amount of callus produced, but the rate of regeneration from the different cultivars
extended from 3 to 42%, suggesting that there are genotypic differences in the ability to
regenerate plants from calluses. Scanning electron microscopy and light microscopy were
used by Bregitzer et al. [30,31] to characterize the stages of development of somatic embryos
in friable embryogenic callus. Following Bregitzer et al. [30], the cultivation of non-friable
oat calluses produced from immature embryos on MS medium containing 20 mg L−1

sucrose and no hormones led to the production of separate somatic embryos that hatched
into full-grown plants. During repeated culturing on a modified MS medium containing
2 mg L−1 2,4-D, and 20 g L−1 sucrose, embryogenic sectors separated from non-friable cal-
luses were visually selected to create friable callus. The maturation of somatic embryos was
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stimulated by transferring friable calluses to a modified MS medium containing 60 g L−1

sucrose and no hormones. Some of these embryos were able to germinate after being
transferred from this friable callus to a modified MS medium that included 20 g L−1 sucrose
and no hormones. According to Bregitzer et al. [30], the culture of non-friable oat calluses
derived from immature embryos on MS medium containing 20 mg L−1 sucrose and no
hormones resulted in the development of distinct somatic embryos that germinated to
form complete plants. Embryogenic sectors isolated from non-friable calluses were visually
selected during repeated subcultures on a modified MS medium containing 2 mg L−1, 2,4-D
and 20 g L−1 sucrose to produce friable callus. After the development of friable calluses,
plants continued to grow from those callus lines for more than 78 weeks. Additionally,
immature embryos of three genotypes and seedling mesocotyls of two genotypes were
used to directly generate friable embryogenic callus. There was also evidence of geno-
typic heterogeneity in this reaction. For the first time, calluses produced from oat seed
developed root primordia, and the meristems of these primordia were sites of somatic
embryo production, according to Chen et al.’s study [36]. The callus that was kept on MS
medium with 1, 2, or 4 mg L−1 2,4-D with underlying root or shoot parts was transferred
to a new supply of the same medium after one month of culture. The callus induction
frequency among the five cultivars studied was 93% for cv. “Risto”, and 76% for cvs.
‘Victory’, ‘Sang’, ‘Sanna’ and ‘Vital’ respectively. Between 30 and 200 mg per seed were
produced as fresh weight of each callus. The proliferating callus cells caused the seedling
roots to swell during callus induction. Epidermal and cortical cells of the roots tended to
be expelled and fall off. Differentiated pericycle cells became meristematic. When these
roots were sectioned longitudinally or transversely, numerous lateral root primordia were
seen originating from the pericycle cells along the vascular strand. Additionally, callus
induction took place in the shoot’s basal regions. Meristematic cells and solitary xylem
cells developed from parenchymatic cells. The meristematic cells could directly generate
root primordia and contained noticeable nuclei. After callusing in the vicinity of the shoot
bases, groups of root primordia were also inadvertently generated. On various media,
somatic embryos connected to underlying callus cells grew. The MS medium that proved
best for germination contained 6% sucrose and 0.01 mg L−1 of abscisic acid (ABA). Single
plantlets or clumps with 2–5 mm green leaves, with or without roots, were produced after
30–40 days on this medium. Ten-month-old embryogenic tissue may produce 200 shoots
or plantlets per gram. After being transferred to media devoid of hormones, plantlets
grew stronger and had more developed roots. In the soil, more than 90% of the green
plantlets survived and matured. More than 30 months have passed since the preservation
of embryogenic tissue.

In the next study, young seedlings of five oat cultivars—“Fuchs”, “Jumbo”, “Gramena”,
“Bonus”, and “Alfred”—were tested for their regenerative abilities [26]. Two different basal
media—MS medium and L3 medium [25]—were enriched with phytohormones in different
concentrations for the callus induction, shoot proliferation, and regeneration of plants.
Four-week-old culture-produced calluses were transferred to induction medium, and one
week later, somatic embryos began to germinate. To develop further, shoots were placed
in hormone-free media, and developed plants were morphologically healthy and fertile.
From the base of the oat leaves, a callus was induced on all the tested media. However,
certain phytohormones had better effects on plant regeneration. The highest regeneration
frequencies were attained on media with 2.5 mg L−1 2,4-D. In five oat genotypes, 25 plants
on average could be grown per explant, and for the most responsive Jumbo, more than
50 regenerants could be produced per explant. Hence, the oat leaf bases are very promising
as primary explants for micropropagation due to their strong capacity for regeneration.

To examine the effects of polyamines on somatic embryogenesis and plant regeneration
oat genotypes Tibor (Avena nuda L. with low regeneration factor), GP-1 (Avena sativa L.
with high regeneration factor) and their crosses, GP-1 × Tibor and Tibor × GP-1, were
grown in in vitro cultures [37]. Somatic embryos were produced in large amounts from
mature embryos of Tibor and Tibor × GP-1 on MS medium supplemented with 2.0 mg L−1
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2,4-D and 0.5 mM putrescin. Putrescin treatments induced plant regeneration from other
genotypes in most cases, compared with the results of Somers et al. [33] obtained with
the same regeneration media. This suggests that media enriched with putrescin can be
used to screen other oat lines for regeneration efficiency. Moreover, the shoot proliferation
medium containing low concentration of putrescin induced significant numbers of plants
from usually recalcitrant cultivars.

Bregitzer et al. [30] showed that immature embryos gave the highest and most repeat-
able callus initiation frequency; however, it was shown that, generally, the frequency of
embryogenic callus initiation of some of the elite germplasm lines is still quite low [31]. A
significant contribution to the formation of embryogenic calluses in oat and the subsequent
demonstration of plant regeneration via somatic embryogenesis, as well as variables con-
trolling plant regeneration, were reported by Somers et al. [33]. This paper includes the
methods used to manipulate oat cells and tissues in tissue culture, the constraints on their
usage, and both planned and actual uses for improving oats. The genotype of the oats, the
explant utilized to start the development process, and the tissue choice made during subcul-
ture can all affect the oat callus structure and its ability to regenerate. However, according
to these authors, by seeing and picking out extremely transparent to opaque, compact,
highly lobed tissues within early cultures, oat cultures with long-term preservation of plant
regeneration potential can be produced. Borji et al. [38] used mature caryopses as initial
material for somatic embryogenesis from oat cultivar “Meliane”. Longitudinal sections of
caryopses were plated on MS medium supplemented with 3 mg L−1 2,4-D. Primary calluses
were removed from explants after four weeks of growth and placed into the proliferation
medium (MS medium with 1.0 mg L−1 2,4-D and 0.5 mg L−1 6-Benzylaminopurine (BAP)).
For germination, somatic embryos were transferred to MS medium without plant growth
regulators and then to MS medium containing 0.5 mg L−1 indole-3-acetic acid (IAA) to
promote root system. The regenerated seedlings were acclimated to ex vitro conditions and
were grown until maturity in a greenhouse.

2.3. Oat (Avena sativa L.) Cell Suspension Culture

The experiment by Gana et al. [39], among others, set out to evaluate the relative
adaptability and plant regeneration of four oat genotypes in suspension cultures and
to examine plant regeneration in 19 genotypes from three different oat species in three
successive callus subcultures. Highly significant differences were found between 19 Avena
genotypes for callus initiation, germination, and rhizogenesis in this study, in which the
ability of “88Ab3073” to regenerate plants in suspension culture and the highly regenerable
capacity of “GAF/Park” in both agar and suspension culture systems were also described.
A highly significant genotype impact (32.1% variation), genotype subculture interactions
(9.9% variance), and a non-significant subculture effect (0.3% variance) were all seen in
the analysis of variance for plant numbers for genotypes in three subcultures. Genotypes
with the highest callus production were selected to initiate liquid cultures. Two-month-old
calluses from “GAF/Park”, “Tibor”, “88Ab3073”, and “87Ab5932” genotypes were used
for the suspension culture initiation. To better assess the regeneration potential of small
and big cell clusters, the suspensions were divided into fractions of <3 mm or >3 mm. The
“GAF/Park” and “88Ab3073” clusters that were 3 mm and bigger generated yellow friable
callus. Clusters of “87Ab5932” developed slowly and finally ceased to multiply, whereas
“Tibor” clusters began to form a rhizomorphic callus, a propensity that was also seen in
its suspension cultures. Within two weeks, clusters of “GAF/Park” had quadrupled in
size on the solidified medium. Plant regeneration from clusters larger than 3 mm was
observed after three weeks in three of the four tested genotypes. Additionally, on the
“GAF/Park” callus, many globular somatic embryos were observed. A total of 42 plants
were regenerated from suspension clusters larger than 3 mm, and 50 plants were derived
from the agar-based callus culture.

Wise et al. [40] used suspension cultures of Avena sativa L. cv. “Belle” for the biosyn-
thesis of avenanthramides. Calluses of oat were initiated from the shoot apical meristem on
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solid MS media in dark conditions. Liquid cultures were established from 1.0 g callus and
25 mL of MS media containing 2 mg L−1 2,4-D. To stimulate avenanthramides production,
chitin (poly-N-acetyl glucosamine) was added as elicitor, and two unique callus pheno-
types, named “aggregate” and “friable”, were identified. The more brittle aggregate tissue
easily shed off and was easily separated from the friable tissue, which remained evenly
scattered in the culture medium. Because the suspension cultures produced relatively large
quantities of avenanthramides, these results point to the potential of oat suspension culture
as a tool for future in-depth research into the processes that initiate their production, as well
as the variables that determine the specific kinds of avenanthramides that are produced.

The summary of research on A. sativa L. callus induction, organogenesis, and somatic
embryogenesis with the improved biotechnological potential of named species is presented
in Table 1.

Table 1. Callus culture, organogenesis, and somatic embryogenesis of oat (Avena sativa L.).

A. sativa L.
Genotype

Explant
Used Media/PGRs Experimental Outcomes References

cv. “Lodi”, cv. “Moore”, cv.
“Lyon”, cv. “Benson”, cv.
“Marathon”, cv. “Dal”, cv.

“Stout”, cv. “Tippecanoe”, cv.
“Lang”, cv. “Victorgrain”, cv.

“Garry”, cv. “Hudson”, cv.
“Terra”, cv. “0A338”, cv.

“Victory”, cv. “Black”, cv.
“Mesdag”, cv. “Victoria”, cv.
“Selma”, cv. “AJ10915”, cv.
“NP3/4”, cv. “Karin”, cv.
“Rallus”, cv. “Coolabah”

immature
embryos

MS/B5 medium with 2 mg L−1

2,4-D for initiation;
MS/B5 medium with 1.0, 2.0 and

5.0 mg L−1 2,4-D for
embryo regeneration

Tissue cultures capable of
plant regeneration after

more than 12 months
in culture

[27]

cv. “Victorgrain”, cv. “Victoria”
GAF (A. sativa L. cv. “Garland”
× A. fatua L.) × A. sativa L. cv.

“Victoria”

10- to 12-days
old embryos

MS medium with
2 mg L−1 2,4-D;

MS medium with 1 mg L−1

2,4-D and 5 units mL−1 victorin;
MS medium with 2 mg L−1

NAA, and 0.2 mg L−1 BAP
for regeneration

12 of 65 immature embryos
of the cv. “Victorgrain” and

2 of 21 embryos of cv.
“Victoria” developed

regenerable callus;
without tissue growth or

survival on a
victorin-containing

medium

[29]

cv. “Trafalgar”, cv. “Rollo”, cv.
“07408 in 111/2”, cv.

“Rhiannon”, cv. “Dula”, cv.
“Avalanche”, cv. “Caron”, cv.
“Pennal”, cv. “Cabanna”, cv.

“Margam”

embryos

MS medium with 2 mg L−1

2,4-D for callus initiation
and growth;

MS medium with 0.5 mg L−1

2,4-D followed by PGRs free MS
medium for regeneration

The highest level of
regeneration from

4–4.5 mm long embryos
with the genotyping
differences of plant

regeneration

[35]

GAF (A. sativa L. cv. “Garland”
× A. fatua L.) × A. sativa L. cv.

“Victoria” lines GAF-18,
GAF-30, GAF-30,

GAF-30/”Park” and
GAF-30/Park//GAF-30

immature
embryos

MS medium with 4 mg L−1

2,4-D for callus initiation;
MS medium with 2 mg L−1

2,4-D for callus maintenance;
MS medium with 2 mg L−1

NAA and 0.2 mg L−1 BAP for
shoot differentiation;

MS medium free of PGRs for
rooting

Embryogenic cultures
maintained the ability to

regenerate plants for more
than 78 weeks

[30]

cv. “Risto”, cv. “Sang”, cv.
“Sanna”, cv. “Vital”, cv. “Sol” Embryos

MS medium with 2 mg L−1

2,4-D for embryos;
MS medium with 0.01 mg L−1

ABA and 6% sucrose for
germination

Suppressed root
elongation, promoted

secondary root initiation
and proliferation of

embriogenic cells with
2,4-D in the medium

[36]
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Table 1. Cont.

A. sativa L.
Genotype

Explant
Used Media/PGRs Experimental Outcomes References

cv. “Coolabah”, cv. “Cooba”,
cv. “Blackbutt”, cv. “Mortlock”,
cv. “Victorgrain”, cv. “HVR”

Immature
embryos,

leaf segments

MS medium with 2 mg L−1

2,4-D for callus induction
and growth;

N6 medium (Chu et al. 1975)
with 2 mg L−1 KIN, and
2 mg L−1 NAA for shoot

regeneration;
MS medium with 0.3 mg L−1

KIN for root regeneration

callus formation from the
leaf segments and plant

regeneration are
comparable to that of the

immature embryos;
plants were grown to

maturity

[22]

line GAF, line GAF/Park
Immature

zygotic
embryos

MS medium with 2 mg L−1

2,4-D for embryos;
MS medium with 6% sucrose for
embryo maturation, and sucrose

reduction for bipolar plant
development

Friable embryogenic callus
inoculated into liquid
medium will produce

rapidly growing
dedifferentiated

suspension cultures

[31]

cv. “Corbit”, cv. “Dark Husk”,
cv. “Winter Turf”, cv.

“Monida”, cv. “SO87213”, cv.
“Dal”

Embryos

MS medium with 2 mg L−1

2,4-D for callus
initiation/proliferation;

CIP medium with 0.5 mg L−1

picloram, and 5 mg L−1 KIN for
plant regeneration

High level of plant
regeneration [39]

cv. “Prairie”, cv. “Porter”, cv.
“Pacen”, cv. “Ogle”

Apical
meristems,

leaf primordia,
leaf bases

MS medium with 2,4-D (0 and
0.5 mg L−1) and BA (0, 1.0, 2.0,

4.0, and 8.0 mg L−1)

Multiple shoot
differentiation from shoot

apical meristems on
medium with 0.5 mg L−1

2,4-D, and 2.0 or
4.0 L−1 BA

[23]

cv. “Fuchs”, cv. “Jumbo”, cv.
“Gramena”, cv. “Bonus”, cv.

“Alfred”

Leaf bases of
young seedlings

L3 medium for callus induction;
2.5 mg L−1 2,4-D for plant

regeneration

for cv. “Jumbo” average of
50 regenerants per explant

could be regenerated,
whereas for cv. “Gramena”,
only 3–4 plants per explant

could be regenerated

[26]

cv. “GP-1” Mature
embryos

MS medium with 2 mg L−1

2,4-D for callus induction and
shoot proliferation;

after 6 weeks, 0.5 or 1.0 mM of
putrescine was applied

Significant regeneration of
plants in presence of
0.5 mM putrescine

[37]

cv. “Aslak”, cv. “Velik”

Leaf based
segments from
3- to 4-days old

seedlings

L3 or MS medium for callus
induction;

L3 or MS medium with 0.2 mg
L−1 for regeneration

Optimization of nitrogen,
sugar, and auxin in media [24]

cv. “Belle” Shoot apical
meristem

MS medium with 2 mg L−1

2,4-D for liquid cultures

suspension cultures
produced large quantities
of aventhramides A and

aventramides G in
response to 0.25 mg mL−1

chitin (poly-N-acetyl
glucosamine) elicitation

[40]

cv. “Meliane” Mature
caryopses

MS medium with 3 mg L−1

2,4-D for callus induction;
MS medium with 1 mg L−1

2,4-D and 0.5 mg L−1 BAP for
embryogenic callus induction

and somatic embryos
differentiation;

MS medium with 0.5 mg L−1

IAA for rooting

Ultrastructural changes
and cytological

modifications of oat
somatic embryogenesis

[38]
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3. Androgenesis of Oat (Avena sativa L.)

In recent years, the production of doubled-haploid (DH) lines using methods involving
male gametic lines for developing haploid plants has proven efficient for species belonging
to the families Solanaceae, Brassicaceae, and Graminae. Consequently, in vitro induced
androgenesis has become the most promising biotechnological method applied in breeding
practice [41]. However, not all species respond equally to the induction of this process.
There are model species that respond with high efficiency to the application of this method,
but other species are more resistant to it. The largest group consists of species in which the
induction of microspore embryogenesis is possible but not very efficient from a practical
standpoint. Although about 250 protocols related to androgenesis have been described so
far, only in a few species, such as barley (Hordeum vulgare L.), oilseed rape (Brassica napus
L.), tobacco (Nicotiana spp.), wheat (Triticum aestivum L.), pepper (Capsicum annum L.), or
rice (Oryza sativa L.) has this method have been applied in breeding programs due to the
high regenerative efficiency of the obtained plants [42].

The process of androgenesis is defined as an alternative developmental pathway of
microspores, involving redirecting their natural gametophytic development, which leads
to pollen grain formation towards a sporophytic pathway, along with their reprogram-
ming and the initiation of embryo development [43]. By inducing zygotic embryo-like
structures (ELS), followed by their regeneration, androgenic embryos with a haploid num-
ber of chromosomes (n) are obtained. The literature indicates that microspores in the
late uninucleate or early binucleate stage, directly after division, are most susceptible to
androgenesis induction, and the process of microspore differentiation occurs under the
influence of abiotic stress in the period preceding culture initiation [44]. Among the most
used stress-inducing factors are exposure to low or high temperatures, application of sugar-
or nitrogen-free media, and treatments with colchicine, heavy metal ions, or mannitol [44].
In cereals, storing spikes at a low temperature can disrupt cytoplasm polarity and impair
the direction of spindle formation, leading to a change in the developmental pathway
of microspores towards embryo formation [45]. Additionally, subjecting spikes to cold
treatment prolongs the viability of anthers, which promotes synchronization of nuclear
divisions and inactivates substances that inhibit androgenesis. In practice, a combination
of two or three of these factors is applied, and depending on the method, they are used on
whole donor plants, cut shoots with spikes, isolated spikes from leaf sheaths, or anthers
alone [46]. The main factors determining the androgenic response in in vitro cultures
include the genotype of the donor plants, the physiological state and growth conditions of
the plants, in vitro medium composition, and physical factors at play during tissue culture
and their interactions [47].

In cereals, the process of androgenesis is a more commonly used method for obtaining
homozygous plants, and in vitro production of androgenic embryos is more efficient than
methods based on gynogenesis [2]. In vitro anther cultures enable the rapid and efficient
production of haploid plants, primarily due to the abundance of male reproductive cells.
Thousands of microspores present in each anther can potentially give rise to androgenic
embryos and, subsequently, haploid plants [48]. However, the main challenge associated
with the anther culture technique is the strong dependence of androgenesis not only on
the species but also on the genotype of the donor plant [47]. In addition, albinism, i.e.,
the formation of plants with disrupted chlorophyll production, is a serious problem in
anther and isolated microspore cultures. Such plants significantly lower the efficiency of
the applied method, expressed in the number of regenerated, green plants with a doubled
chromosome number [49].

3.1. Effect of Panicle Pretreatment and Media Composition on ELS Formation

Despite the progress that has been made in improving the effectiveness of methods
based on microspore embryogenesis in cereals, the common oat is still considered a recalci-
trant species in this process. The first oat regenerants using androgenesis were obtained by
Rines [50], who acquired one haploid (n = 3x = 21) and one diploid (2n = 6x = 42) plants of
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the cultivar “Stout” from around 65,000 isolated anthers. Before usual incubation at 22 ◦C
and immediately following plating, these anthers were also heat-shocked at 35 ◦C for 24 h.
MS medium without hormone, supplemented with 10% sucrose, had the highest anther
callus initiation frequencies among all media tested. However, only from anthers which
have been plated on a modified potato extract medium containing 2.0 mg L−1 2,4-D and
0.5 mg L−1 kinetin (KIN) were seedlings produced. Subsequently, Kiviharju and Pehu [51]
reported the unsuccessful regeneration of androgenic embryos in Avena sativa L. and the
production of haploid plants in Avena sterilis L. Five days of heat pretreatment (32 ◦C) radi-
cally increased the embryos induction of A. sterilis L. (27.5 embryos/100 anthers), compared
to three-day (3.8 embryos/100 anthers) and one-day (0.6 embryos/100 anthers) treatments.
Embryo production of A. sterilis L. was better on high maltose concentrations than that of
A. sativa L. The highest number of embryos was obtained on the medium with 14% maltose
under both temperature pretreatments. For 10 weeks, 230 embryo-like structures were
transferred onto differentiation media. Consequently, two haploid green plants survived
transfer to the greenhouse, but these plants did not produce seeds. An attempt to induce
androgenesis in Polish oat cultivars was made by Ślusarkiewicz-Jarzina and Ponitka [51,52],
who tested the androgenic response of 15 genotypes on solid, liquid, and two-layer media.
Oat panicles were harvested and cold-treated at 4 ◦C for a few days in an N6 mineral
salt medium [53] with 2.0 mg L−1 2,4-D. Of the 45,000 anthers plated in this experiment,
637 ELS (1.4%; in all three physical states) were generated on W14 media. Genotype had a
significant impact on the frequencies of ELS and green plants production. Eight genotypes
yielded ELS (average 1.4/100 anthers). Successful induction of ELS on W14 [54] and C17
media [55] from F3 generation of nine hexaploid oat hybrids was described by Ponitka and
Ślusarkiewicz-Jarzina [56]. When compared to medium W14, which generated 137 ELS
(from 0.6 to 3.3/100 anthers), medium C17 produced 409 ELS (from 0.6 to 12.1/100 anthers),
achieving a greater induction efficiency for all genotypes. Crossing of Bohun × Deresz
gave the best ELS induction rates on both media.

In the same year, Skrzypek et al. [57] analyzed the possibility of inducing androgenic
ELSs depending on the genotype, the length of the panicle cooling period, the density of
anthers in a Petri dish, and the type and physical properties of the media. These studies
have shown that pretreatment of oat panicles at a low temperature (4 ◦C) for 1–2 weeks
stimulated induction of ELS the most on W14 and C17 media. Thus far, the highest
efficiency of this method has been achieved by Kiviharju et al. [58], resulting in 30 green
plants per 100 anthers from the crossing of Aslak × Lisbeth. In this study, the cut tillers
were pretreated for 7 days at 4 ◦C, and the isolated anthers were followed by treatment for
5 days at 32 ◦C on a double-layer induction medium. “Lisbeth” naked-type oat was used
to examine the effects of cytokinins, amino acids, reducing and ethylene-increasing agents
and light and temperature conditions. For cv. “Aslak” (2.1/100 anthers) and “Lisbeth”
(5.3/100 anthers), the induction medium comprising 2,4-D, BAP, ethephon, cysteine, and
myo-inositol produced noticeably higher rates of green plant regeneration than the media
containing simply 2,4-D and KIN. In comparison to other treatments, the conversion rate of
ELS to green plants was also noticeably greater for the cv. “Aslak” (33%) and much better
for the cultivar “Lisbeth” (13%), demonstrating that the 2,4-D and KIN applied together
enhance the quality of ELS. Regeneration rates between these two induction media did not
significantly differ when weak light was utilized for induction, most likely because of a
reduced entire response.

3.2. The Developmental Stage of Microspores Affects ELS Formation

Microspores’ competence for androgenesis varies not only among species or culti-
vars; it is primarily limited temporally and has been referred to as the “developmental
window” by Pechan and Smykal [59]. During this short period, it is possible to redirect
microspore differentiation from the gametophytic to the sporophytic pathway by applying
appropriate physicochemical factors known as stress factors. In addition, by manipulating
the composition of the induction media, especially the content of auxins or their analogs, it
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is possible to effectively induce callus formation and subsequently embryogenic structures
from microspores [60]. The architecture and morphology of oat panicles contribute to
the non-linear maturation of anthers, which significantly complicates the identification
of microspores at the appropriate developmental stage and likely accounts for the low
efficiency of androgenesis in this species. Research conducted by De Cesaro et al. [44] has
confirmed that the developmental stage of microspores depends not only on the genotype
and age of the plant, but primarily on the position of the anthers in the inflorescence, which
results in their uneven maturation. It has also been observed that microspores within a
single anther often differ in their embryogenic competence due to slight differences in
their developmental stage. The aim of the experiments presented in the work of Warchoł
et al. [61] was to determine which external stimuli should be used to arrest the gametophytic
pathway of the microspores and direct their development towards embryo formation. The
optimization of media composition for the initiation of embryo-like structures was also
performed. In addition, the distance from the base of the flag leaf to the penultimate leaf of
the panicle was measured to correlate the developmental stage of microspores with shoot
morphology. In this way, four distances were determined, i.e., (i) 0.0–4.0 cm, (ii) 4.1–8.0 cm,
(iii) 8.1–12.0 cm, and (iv) 12.1–16.0 cm, thereby selecting panicles based on the competence
of their microspores for androgenesis. In the first stage of the experiment, the cultivars
“Akt”, “Bingo”, “Bajka”, and “Chwat” were tested for their susceptibility to androgenesis
induction. In the latter experiment, a significant impact of oat cultivar and the distance
from the base of the flag leaf to the penultimate leaf of the inflorescence on the formation of
ELS was observed. ELS formation was observed in all cultivars, but the highest number of
structures was recorded in the cultivars “Chwat” and “Bingo” (3.6% and 1.6%, respectively).
In addition, the highest ELS production was observed on anthers isolated from the youngest
panicles, i.e., when the measured distance did not exceed 4.0 cm. The second stage of
the experiment aimed to increase the efficiency of androgenesis in the cultivars “Bingo”
and “Chwat” by changing the length and type of thermal stress, as well as modifying the
composition of the induction media. For the first time, the induction of oat ELS was carried
out using a combination of low temperature (4 ◦C) followed by high temperature (32 ◦C).
The anthers were plated on C17 [62] and W14 [54] media, which were supplemented with
the following auxins: 2,4-D, picloram, dicamba and NAA; and cytokinins: KIN and BAP.
More ELS were obtained from the anthers of the cultivar “Chwat” compared to the cultivar
“Bingo”. Differences in androgenesis response depending on the hormones in the induction
medium were manifested in the number of obtained haploid plants and DH lines. Based
on the results, it was shown that treating oat panicles for 14 days with a low temperature of
4 ◦C and a high temperature of 32 ◦C for 24 h before anther isolation increased the efficiency
of androgenesis in the cultivar “Chwat”. The most susceptible to this process were anthers
isolated from panicles where the distance from the base of the flag leaf to the penultimate
leaf did not exceed 4 cm. The best medium for induction of ELS and haploid plants was
W14 with the addition of 2.0 mg L−1 2,4-D and 0.5 mg L−1 KIN.

3.3. Impact of Cu2+, Zn2+ or Ag+ Ions on ELS Formation

The literature suggests that increasing the concentration of Cu2+, Zn2+, or Ag+ ions in
the induction medium not only stimulates haploid embryogenesis of microspores but also
regulates numerous physiological and biochemical cellular processes. Cu2+ and Zn2+ ions
stimulate the normal division of chloroplasts, while Ag+ ions act as an inhibitor of ethylene
biosynthesis in in vitro cultures, preventing the aging of microspores [63–65]. Warchoł
et al. [66] studied the efficiency of induction of embryonic structures in oat anther cultures
depending on the concentration of CuSO4 × 5 H2O (10 and 20 µM), ZnSO4 × 7 H2O (90
and 180 µM), and AgNO3 (25 and 50 µM). Copper, zinc, and silver ions were added to the
media at two stages of androgenesis: during pretreatment of panicles of donor plants and as
an addition to the induction medium. Ions added to the medium during the pretreatment
of panicles had a significant effect on the formation of embryonic structures. The highest
number of ELS was obtained when oat panicles were treated with 50% Hoagland medium
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supplemented with CuSO4 × 5 H2O at a concentration of 10 or 20 µM (2.1% and 1.8%,
respectively). The introduction of Cu2+, Zn2+, or Ag+ ions into the W14 induction medium
had no significant statistical effect on the number of ELS. When comparing the cultivars,
it was observed that the highest number of ELS (0.7%) was obtained from the cultivar
“Chwat”, resulting in the production of haploid plants only in this cultivar. The present
results demonstrated that the treatment of panicles with CuSO4 × 5 H2O at a concentration
of 10 or 20 µM increased the efficiency of androgenesis in the tested cultivars. Table 2
summarizes recent progress in androgenesis in various cultivars of A. sativa L.

Table 2. Androgenesis of oat (Avena sativa L.).

A. sativa L. Genotype Culture Conditions Experimental Outcomes Reference

cv. “Clintford”, cv. “Stout” 4 or 8 ◦C cold pretreatment
The highest anthers callusing

initiation on MS medium with 10%
saccharose and no hormones

[50]

Line WW 18019, cv. “Stout”

4 ◦C in the dark cold pretreatment
for anthers from the main culm;

4 ◦C in the dark for cold
pre-treatment for tillers, and
MS medium with no PGRs;

32 ◦C heat pre-treatment for anther
cultures

The pretreatment of isolated
anthers for 5 days at 32 ◦C, before
culture at 25 ◦C, is the key point

[51]

44 genotypes

4 ◦C in the dark cold pretreatment
for anthers from the main culm;

MS medium with or without 5 mg
L−1 2,4-D for ELS induction;

Callus growth, ELS * production
rates and plant regeneration

differed between naked oat, wild
oat, and crosses

[67]

Line WW 18019, cv. ‘Kolbu’

4 ◦C in the dark cold pretreatment
for anthers from the main culm;

MS medium with 2,4-D and KIN for
anthers; MS medium with 1 mg L−1

KIN for embryo structures;
32 ◦C heat pre-treatment for anther

cultures

High 2,4-D concentrations
enhanced embryo induction with or

without heat pre-treatment
[68]

cv. “Lisbeth”, cv. “Virma”, cv.
“Cascade”, cv. “Kolbu”, cv. “WW

18019”, cv. “OT 257”, cv. “Stout”, cv.
“Sisu”, cv. “Katri”, cv. “Yty”, cv.

“Sisko”, cv. “Talgai”, cv. “Roope”, cv.
“Salo”

tillers pretreated at 4 ◦C for 7 days;
double-layer induction medium MS
or W14 with 10% maltose and PGRs;
32 ◦C heat pre-treatment for anther

cultures

Regenerable-type embryos from
heat-pretreated anthers on media
containing 2, 3 or 5 mg L−1 mg

2,4-D and 0.2 or 0.5 mg L−1 KIN

[69]

cv. “Lisbeth”

4 ◦C for 7 days for the tillers; 32 ◦C
heat pretreatment;

W14 medium with 10% maltose and
PGRs for anthers, W14 medium
with 2 mg L−1 NAA, and 0.5 mg

L−1 KIN for ELS and regeneration;
MS with 0.2 L−1 NAA for rooting

Improved number of derived plants
via application of W14 [58]

Oat hybrids 1705/05, 1717/05,
1725/05, 1780/05, 2038/05, 1889/05,
1893/05, 1903/05, 1944/05, 1954/05,
956/05, 1967/05, 1985/05, 1989/05,

1997/05

4 ◦C for 6–9 days for the tillers in
N6 medium with 2 mg L−1 2,4-D;
liquid, solid or double-layer W14

salts and vitamins, 5.0 mg L−1

2,4-D, and 0.5 mg L−1 BAP for ELS
induction;

Development of ELS after 6 weeks
of culture on liquid medium, and
between the 7th and 8th weeks on

solid and double-layer medium

[52]
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Table 2. Cont.

A. sativa L. Genotype Culture Conditions Experimental Outcomes Reference

cv. “UPF 7”, cv. “UPF 18”, cv.
“UFRGS 14”, cv. “Stout”

Samples were collected when the
distance between the flag leaf and
the last node was one third of the

distance between the last node and
flag leaf

The use of anther size for the
identification of microspore

developmental stage is inefficient
selection criterion

[44]

Cross combination of hexaploid oat:
Lisbeth × Bendicoot,

Flämingsprofi × Rajtar,
Scorpion × Deresz,
Aragon × Deresz,

Deresz × POB7219/03,
Bohun × Deresz,

Krezus × Flämingsprofi,
Krezus × POB10440/01,

Cwał × Bohun

4 ◦C for 6–9 days for the tillers in
N6 medium with 2 mg L−1 2,4-D;
C17 induction medium with W14

salts and vitamins, 5.0 mg L−1

2,4-D, and 0.5 mg L−1 BAP for ELS
induction;

190-2 regeneration medium

The highest number of ELS on C17
medium;

incubation at 22 ◦C in the dark for
the first two weeks for the highest

rate of green plants per 100 ELS

[56]

Genotype 2000QiON43 (LA9326E86)

0.3 M mannitol pretreatment of the
tillers for 7 days;

W14 medium and continuous
incubation at 28 ◦C;

W14 medium for embryos observed;
0.2% colchicine for 4 h for DH

Protocol for the production of
microspore-derived embryos of oat,
80% of the plants were converted

to DH

[46]

cv. “Akt”, cv. “Bingo”, cv. “Bajka”, cv.
“Chwat”

for tillers: 2 and 3 weeks at 4 ◦C, or
2 and 3 weeks at 4 ◦C followed by

32 ◦C for 24 h;
for ELS induction: C17 medium

with 0.5 mg L−1 picloram, 0.5 mg
L−1 dicamba, and 0.5 mg L−1 KIN,

or W14 medium with different
concentrations of 2,4-D, NAA,

and BAP

Cold pretreatment and high
temperature enhanced the

technique efficiency;
W14 medium with 2 mg L−1 and
0.5 mg L−1 KIN for the highest

number of ELS

[61]

cv. “Bingo”, cv. “Chwat”

2 weeks at 4 ◦C for tillers
pretreatment in liquid medium

alone or with Cu2+, Zn2+, or Ag+

ions followed by 32 ◦C for 24 h

ELS formation depended on cold
pretreatment combined with Cu2+,

Zn2+, or Ag+
[66]

* ELS—embryo-like structures.

4. Wide Crossing of Oat (Avena sativa L.) with Chosen Species from Poaceae Family

Obtaining DH lines of oat is very challenging compared to other cereals, and both
breeding and biotechnological research conducted by research groups from Poland, the
USA, Finland, or Japan unanimously confirm the recalcitrance of this species to haploidiza-
tion. Since the techniques used successfully in other plants are still not very effective in
oat, a commercially viable and efficient method of obtaining DH lines in this species has
not yet been developed. The reasons for the low efficiency of the methods used, which
typically yield between 0.5% and 10.0% of haploid embryos per emasculated floret [70], are
attributed to the presence of numerous pre- and postzygotic barriers. Prezygotic barriers
include all factors that hinder the successful fertilization of the ovum, i.e., the formation of
a zygote. The most listed prezygotic barriers include the inability of pollen to germinate on
a foreign stigma, inhibition of pollen tube growth, or rupture of the pollen tube [71]. On
the other hand, postzygotic barriers impede the development of the zygote after fertiliza-
tion [72] and are often a result of genetic incompatibility between the parental plants in wide
crosses. Hence, developing a thorough understanding of these barriers and overcoming
them can contribute to the development of an effective and universal method for obtaining
oat haploids and subsequently DH lines. From a practical standpoint, this opens new
possibilities for improving haploidization methods not only for oat but also for other plants
recalcitrant to this process, such as legumes or woody plants. In addition, the production of
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new cultivars based on homozygous DH lines is becoming increasingly important in crop
breeding programs and represents one of the key opportunities for adapting agriculture to
ongoing climate change.

Pioneering work on obtaining DH oats through wide crosses with maize was con-
ducted by Rines and Dahleen [73]. Pollen from maize (Zea mays L.) was applied to pre-
viously emasculated oat florets in a series of experiments. Extracted caryopses and the
embryos formed from them were then cultured on an MS medium with 7% sucrose and
amino acids supplements. Recovered plantlets were raised in soil-filled pots until they
were fully developed. Following the pollination of maize pollen from around 3300 emas-
culated oat florets, 14 haploid oat seedlings were successfully produced via the embryo
rescue technique. Subsequently, in studies conducted by Matzk [74], eastern gamagrass
(Tripsacum dactyloides L.), pearl millet (Pennisetum americanum L.), and maize (Zea mays L.)
were used to pollinate five varieties of oat. Postzygotic obstacles appeared while using early
colchicine-mediated chromosomal doubling, exogenous auxins, and embryo rescue media.
The embryo frequencies ranged from 0.4% in maize to 9.8% in pearl millet, depending on
the type of pollinator. Although many plantlets in the embryo rescue process perished,
the beginning of growth usually occurred. Four viable plants were formed overall, in-
cluding hybrids with pearl millet and for the first time using eastern gamagrass. One to
four chromosomes from pollinator species were discovered in oat root tip cells during the
tillering stage. The authors stated that while the efficiency of haploid formation (0.1%)
was too low to use in plant breeding programs, crossings of oat with maize and pearl
millet looked promising for the transfer of genes or chromosomes. In 2015, Nowakowska
et al. [75] conducted research aimed at developing an effective method for obtaining oat
DH lines and demonstrated a significant influence of individual steps of the procedure on
the efficiency of haploid production. In these experiments, the optimal timing between
emasculation of florets, pollination with maize, treatment of ovaries with auxin, as well as
the appropriate timing for the isolation of haploid embryos was determined. The highest
number of haploid embryos and plants was obtained by pollinating donor plants with
maize pollen 2 days after emasculation, when auxins were applied 2 days after pollination,
and when embryos were isolated 3 weeks after pollination.

4.1. Induction of Haploid Embryos

The treatment of oat ovaries after pollination has also been the subject of many ex-
periments. Initially, Rines et al. [76] negated the need for auxin application to oat ovaries
to increase the efficiency of wide hybridization. However, Sidhu et al. [77] emphasized
that growth regulators not only prevent the degeneration of ovaries; most importantly,
they stimulate and sustain embryo development until its isolation from the ovary. Cur-
rently, to facilitate the formation of oat haploid embryos, pollinated flowers are most often
treated with the following synthetic auxins: 2,4-D, dicamba, picloram, or gibberellic acid
(GA3) [70,75,77,78], or a combination of 2,4-D and GA3 [12]. Only in a few cases were
pollinated oat panicles cut and placed in a solution containing sucrose and 2,4-D [6]. Re-
search by Smit and Weijers [79] has shown that auxins play a key role in the early stages of
embryogenic plant development, mediating the formation of zygotic embryos. Exogenous
2,4-D application alters the levels of endogenous auxins, such as IAA, thereby modify-
ing their intracellular metabolism, which leads to the establishment of proper embryonic
symmetry [80]. Warchoł et al. [81] described the process of determining which auxin to
apply at 100 mg L−1 to the ovary after removal of the anthers and pollination with maize
pollen to induce the development of haploid embryos plants and the production of fertile
DH lines. It was determined that the tested auxins did not affect the number of enlarged
ovaries (83.4%—dicamba; 83.9%—2,4-D, calculated based on emasculated flowers), nor did
they affect the number of resulting haploid embryos. However, the applied auxins signifi-
cantly differentiated the capacity of embryos to germinate, thus affecting the production
of haploid plants and DH lines. Nearly half of the generated embryos (48%) germinated
when placed on 190-2 medium [62], but only 22% of them developed into haploid plants.
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The final number of haploid plants was 45 (0.64%, based on emasculated florets) when
using dicamba, and 104 plants (1.37%, based on emasculated florets) when 2,4-D was
applied. The same concentration (100 mg L−1) of the auxin analogues 2,4-D, dicamba, and
picloram, as well as GA3, were tested by Sidhu et al. [77]. A specific growth regulator was
applied to emasculated oat florets of the AK-1 and F1 hybrid genotypes on the 2nd and 3rd
post-pollination days after being pollinated with maize pollen. The ability of each hormone
to promote caryopsis development varied significantly between the two genotypes. The
largest proportion of caryopses were produced by the dicamba treatment, 94.5% for AK-1
and 94.1% for 01095, respectively. Following 2,4-D and GA3, picloram stimulated caryopses
development. There was no discernible difference between genotype and growth regulator
interaction. Kynast et al. [12] used a phytohormone mixture (50 ppm 2,4-D + 50 ppm GA3)
and sprayed them 24 or 48 h after application of fresh pollen of maize Mo17 on emasculated
oat panicles of Starter and Sun II to induce the growth of the haploid embryos.

As mentioned above, the application of synthetic auxins to pollinated ovaries is a
required step in the process of oat haploidization because it leads to the proper distribution
of endogenous auxins necessary for establishing embryogenic patterns. The studies con-
ducted by Nowakowska et al. [75] and Mahato and Chaudhary [82] have emphasized that
the efficiency of this process is influenced not only by the timing and method of hormone
application but primarily by their concentration. However, it is important to remember
that using high concentrations of 2,4-D in in vitro cultures is toxic to plants and can result
in tissue necrosis [83] or the inhibition of embryo germination, as observed by Bronsema
et al. [84] in maize. Considering that synthetic auxins applied at high concentrations exhibit
strong toxic properties, which could consequently result in low survival rates of oat hap-
loid embryos, the aim of the experiments published by Juzoń et al. [85] was to determine
how two different 2,4-D concentrations affected the conversion of embryos into haploid
plants and the subsequent development of fertile DH lines. Treating the ovaries with
50 mg L−1 2,4-D yielded 27 haploid plants (8.5%, based on emasculated flowers), while
using 100 mg L−1 of 2,4-D increased their number to 49 (16.3%, based on emasculated
flowers). The higher concentration of 2,4-D led to the survival of all haploid plants from
17 genotypes after colchicine treatment (approx. 58% of obtained plants), resulting in twice
as many DH lines (44 plants) compared to the lower concentration of 2,4-D (22 plants). Oat
florets from genotype AK-1 which had been emasculated and pollinated with maize pollen
were exposed to four different doses of dicamba (5, 25, 50, and 100 mg L−1) [77]. With the
increasing dicamba concentration, the proportion of caryopses per floret grew considerably,
reaching a maximum at concentration of 50 mg L−1. Caryopsis development and embryo
formation at 50 and 100 mg L−1 did not significantly differ. Kynast et al.’s [12] studies, the
phytohormone combination (50 ppm 2,4-D + 50 ppm GA3) was proven to be more effective
for embryo formation than the 100 ppm 2,4-D solution without GA3.

4.2. Embryo Rescue Technique

Achieving approx. 10% of haploid embryos per emasculated flowers in the first stage
of wide hybridization does not confirm a high efficiency of haploid plants or fertile DH lines
production. This is because the embryos formed after fertilization have a very low viability,
and most of them die in the early developmental stages. Rines [70] has reported that the
rate of embryo germination and their regeneration into plants typically falls below 20%.
This was also confirmed by other studies, e.g., Warchoł et al. [81] and Juzoń et al. [85], who
isolated a relatively high number of embryos (683 and 619, respectively) but obtained only
149 and 76 haploid plants, respectively. In addition, as pointed out by Rines [70], the low
regenerative capacity of embryos hampers the conducting of experiments that would allow
for a statistical comparison of factors influencing their germination effectiveness; thus, in
assessing the reproducibility of the applied method in oat, the haploid embryos resulting
from wide crosses with maize are most often devoid of endosperm, or else this tissue is rudi-
mentary. In consequence, the lack of access to nutrients leads to their death, and the in vitro
culture stage where suitable conditions for their growth are provided is referred to as the
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embryo rescue technique [86,87]. The first attempts at cultivating plant embryos outside
their maternal tissues to obtain an interspecific cross of Linum perenne × Linum austriacum
were conducted by Laibach [88]. Analyzing his research, it can be seen that the smaller the
embryo, the more complex the medium required to continue its growth and development.
In practice, this means that the regeneration medium closely mimics the composition of the
maternal endosperm, thereby providing the appropriate nutritional components for the
specific developmental stage of the embryo. The literature data indicate that the concentra-
tion of carbohydrates depends on the developmental stage of the embryo; the younger the
embryos, the higher the concentration of sugars in the medium should be (even up to 12%).
Sugars added to the medium at the appropriate concentration serve not only as a carbon
source for heterotrophic embryos; they also ensure a suitable level of osmotic pressure [89].
The necessity of overcoming postzygotic barriers, including the selection of an appropriate
regeneration medium that serves as an endosperm substitute for developing embryos,
makes germination of embryos a critical stage in the method for obtaining oat DH lines.

Since each species requires the development of a detailed procedure concerning both
culture conditions and the appropriate selection of regeneration medium components,
Warchoł et al. [90] optimized the composition of the medium for embryo germination under
in vitro conditions. This experiment, for the first time, analyzed the germination capacity
of embryos on media with varying maltose concentrations and pH values. The resulting
haploid embryos were plated on 190-2 agar medium [91] enriched with KIN and NAA at
a concentration of 0.5 mg L−1. Maltose was added to the medium at two concentrations,
6% and 9%, and the pH was set at 5.5 and 6.0. The medium with a pH of 6.0, compared to
pH 5.5, increased the efficiency of embryo germination, similarly to the increased maltose
content (9%) in the medium. Previous studies on obtaining oat DH lines have demonstrated
high efficiency in inducing haploid embryos but unsatisfactory conversion of these embryos
into plants [75,77,78]. The most frequently indicated reasons involved not only the lack
of endosperm but also disrupted hormonal balance and a range of deformations visible
at various stages of their development [92]. Moreover, the development of haploid oat
embryos is not synchronized in time. Despite the fact that maize ovary pollination and
auxin treatment occurred at the same time, the embryos transferred onto regeneration
media differ in size and level of differentiation. When establishing in vitro cultures of
embryos isolated from immature seeds, known as pseudo-seeds [93], it is important to
remember that the establishment of the axis of symmetry is possible only when the embryo’s
development, at least up to the early globular stage, occurs in its natural environment, i.e.,
in the ovary. On the contrary, the initiation of cultures must occur before the critical point
of developmental arrest, namely, the cotyledon formation stage. Additionally, in immature
embryos, a phenomenon called “premature germination” is observed, typically occurring
before the embryo axis formation. Since this type of germination is characterized by the
elongation of cells and low intensity of divisions, the resulting haploid plants are weak and
usually die back [94].

The experiments conducted by Noga et al. [95] aimed to increase the conversion
efficiency of haploid embryos into haploid plants and to analyze correlations between the
germination capacity of oat embryos at different developmental stages and the type of
growth regulators. Although the isolation was performed at the same time, the embryos
plated on the media exhibited differences in morphological structure. As a result, they
were divided into four size classes: <0.5 mm, 0.5–0.9 mm, 1.0–1.4 mm, and ≥1.5 mm.
Subsequently, they were cultured on a 190-2 regeneration medium [91], containing 9%
maltose, 0.6% agar, and the following growth regulators: KIN, NAA, zeatin (ZEA), dicamba,
and picloram. Microscopic observations revealed that embryos smaller than 0.5 mm were
spherical, those ranging from 0.5 to 1.4 mm were elongated without distinct basal and apical
parts, while embryos larger than 1.5 mm had a visible coleoptile and embryonic root. The
conducted analysis of oat embryo germination capacity concerning their developmental
stage showed that the largest embryos germinated at nearly 80%, while the smallest
ones lacked regenerative capacity and died after plating on the medium. Furthermore,
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it was observed that the size of haploid embryos and their germination capacity varied
significantly among different oat genotypes. A similar observation was made by Sidhu
et al. [77]. Compared to self-pollinated embryos, the white, embryo-like structures (ELS)
of the four oat genotypes—AK-1, Carrolup, Dumont, Mortlock, and S093658 obtained
by crossing oats with maize—differed in size and shape. The type of growth regulators
added to the regeneration medium did not exert a significant effect on the regeneration
of haploid embryos into plants. Nevertheless, the highest percentage of haploid embryos
(19%) germinated on a medium with 0.5 mg L−1 NAA and 0.5 mg L−1 KIN, and the smallest
(11%) on a medium with 1 mg L−1 dicamba, 1 mg L−1 picloram and 0.5 mg L−1 KIN.

Skrzypek et al. [96] examined the role of light intensity applied in vivo to initiate
haploid embryos and in vitro to regulate their development. For the growth of donor
plants, the light intensity of 800 µmol m−2 s−1 more effectively stimulated the formation
of haploid embryos (9.4%) compared to the light intensity of 450 µmol m−2 s−1 (6.1%).
Light intensity during in vitro cultures of embryos also had an impact on their conversion
into plants. Light intensity of 110 µmol m−2 s−1 during culture most optimally stimulated
embryo germination (38.9%) and plant development (36.4%) compared to light intensities
of 20, 40, and 70 µmol m−2 s−1. In a previous study by Sidhu et al. (2006), it was amply
shown that temperature has no influence on the caryopsis development. Despite this,
the authors observed higher embryos production at 24 ◦C. However, this difference was
not statistically significant, most likely as a result of the few repetitions (one donor plant
per treatment).

To understand the slow rate of oat embryo germination, research was conducted to in-
vestigate the phytohormone content in ovaries during embryo development. Additionally,
the hormonal profiles of zygotic and haploid embryos were analyzed. Dziurka et al. [97]
compared ovules with embryos (OE) and ovules without embryos (OWE). The latter study
analyzed the phytohormone content and found significantly higher concentrations of IAA,
trans-zeatin (tZ), and KIN in OE compared to OWE. It was also demonstrated that an excess
of cytokinins in OE was detrimental to embryogenesis, while reduced cytokinin levels
increased the efficiency of obtaining DH lines. The presence of IAA was detected only in
OWE, indicating its role in plant aging processes. Although both haploid and zygotic oat
embryos were isolated at the same time, the extremely low levels of endogenous auxins,
larger amounts of cytokinins, and a ten-fold higher cytokinin/auxin ratio in the haploid
embryos may indicate an earlier developmental stage for the former. It was also shown that
inadequate germination of haploid embryos could rsult from an excess of reactive oxygen
species, raising levels of low-molecular-weight osmoprotectants and stress hormones in
addition to hormonal modulation of embryogenesis [92]. The summary of progress in the
wide crossing of A. sativa with various species from the Poaceae family is presented in
Table 3.

Table 3. Crossing of oat (Avena sativa L.) with chosen species from the Poaceae family.

Plant Material Culture Conditions Experimental Outcomes Reference

Oat × maize
Oat: cv. “Stout”, cv. “Starter”, cv.

“Steele”, cv. “Black Mesdag”
Maize: A188, B73, Honeycomb,

A619 × W64A

Haploid plants recovered via
embryo rescue following
field-grown maize pollen

application to emasculated florets
of growth chamber-grown oat

Recovered haploids were from a
different oat cultivar and different

source of maize pollen—the process
is not genotype unique

[73]

Oat × maize
Oat: genotypes AK-1, S093658,
Carrolup, Dumont, Mortlock

Maize: early extra sweet F1, and
Kelvedon Glory F1 varieties

100 mg L−1 GA3, 2,4-D,
3,6-dichloro-o-anisic acid (dicamba)
or 4-amino-3,5,6,-trichloro-picolinic

acid (picloram) applied after
pollination;

four different temperature regimes
(32/24, 24/20, 21/17 and 17/14 ◦C

day/night) applied before
flowering

The highest number of caryopses
produced with dicamba, but
without effects on embryo

production;
genotype dependent temperature

effects

[77]
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Table 3. Cont.

Plant Material Culture Conditions Experimental Outcomes Reference

Oat × pearl millet
Oat: cv. “Best Enbaku”

Pearl millet: Pennisetum glaucum cv.
“Ugandi”

100 ppm 2,4-D dropped onto each
floret 12 h after pollination;

100 ppm 2,4-D and 4% sucrose for
the spike culture

Retention of all seven pearl millet
chromosomes in embryos from the

crosses with oat;
oat haploid developed to a fertile

adult plant

[6,11]

Oat × maize
Oat: lines Black Mesdag, GAF- Park,

Kanota, MN97201-1, Preakness,
Starter, Steele, Stout, Sun II, and F1
(MN97201-1 × MN841801-1) oat

hybrid
Maize: lines Seneca60, bz1-mum9,

A188, B73, Mo17, and the F1 (A188 9
W64A) maize hybrid

50 ppm 2,4-D and 50 ppm GA3 for
embryo formation delay of

endosperm collapse

Euhaploid plants with complete oat
chromosome complements without

maize chromosomes;
aneuhaploid plants with complete
oat chromosome complements and

different numbers of retained
individual maize chromosomes;
uniparental genome loss during

early steps of embryogenesis
causing the elimination of maize

chromosomes in the hybrid embryo

[98]

Oat × maize
Oat: genotypes 80022, 80031, 81711,
81350, 81384, 81524, 81559, 82072,
82091, 82230, 82266, 83200, 83207,

83213, 83421, 83430, 85924, and 85931
Maize: Waza, Dobosz, and Wania

Oat florets pollinated with maize
pollen after 0, 1 or 2 days;

100 mg L−1 2,4-D or 100 mg L−1

dicamba placed on the floret pistils
1, 2-, 3-, 4-, and 5-days following

pollination

Genotype-dependent haploid
embryo formation and plant

regeneration;
2nd-day pollination together with

auxin treatment was the most
effective

[78]

Oat × maize
Oat: 80031—(Deresz × Szakal),

81350 (Krezus × STH 454), 82072
(Bajka × STH 454), 82091

(Bajka × STH 7706), 83213
(Flamingstern × Chwat)

Maize: Zea mays L. var. saccharata,
Oat × sorghum

Sorghum: Sorghum bicolor (L.)
Moench

Oat × common millet
Common millet: Panicum miliaceum L.

100 mg L−1 dicamba one day after
pollination; enlarged ovaries

collected at 2, 3 and 4 weeks after
pollination cultivated on 6 or 9% of

maltose

2.5—6.9% of HE * for genotypes
pollinated with maize, 1.3% for
sorghum, and 1.2% for millet;

the highest frequency of
HE germination and number of
plants 3 weeks after pollination;

9% maltose for embryo formation,
germination, and haploid plants

development

[75]

Oat × maize
Oat: STH 4.8456/1, STH 4.8456/2,
STH 4.8457/1, STH 4.8457/2, STH

5.8421, STH 5.8422, STH 5.8423, STH
5.8424, STH 5.8425, STH 5.8426, STH
5.8427, STH 5.8428, STH 5.8429, STH
5.8430, STH 5.8432, STH 5.8436, STH
5.8440, STH 5.8449, STH 5.8450, STH

5.8458, STH 5.8460
Maize: Waza

<0.5 mm HE, 0.5–0.9 mm HE,
1.0–1.4 mm HE, and ≥1.5 mm HE
on 0.5 mg L−1 KIN and 0.5 mg L−1

NAA, or 1 mg L−1 ZEA and 0.5 mg
L−1 NAA, or 1 mg L−1 dicamba, 1
mg L−1 picloram, and 0.5 mg L−1

KIN

Germination of HE ≥ 1.5 mm on
medium with 0.5 mg L−1 NAA and

0.5 mg L−1 KIN
[95]

Oat × maize
32 oat genotypes were pollinated
with Zea mays L. var. saccharata

(maize) genotypes: MPC4, Dobosz
and Wania

Different light intensity during the
growing period of donor plants and

in vitro cultures

9.4% HE formed in a greenhouse,
6.1% in a growth chamber;

38.9% of embryo germination,
36.4% conversion into plants, and
9.2% DH ** line production with
110 µmol m−2 s−1 light intensity

[96]

Oat × maize
Oat: F1 progeny of thirty-three oat

genotypes
Maize: Zea mays L. var. saccharata
(maize) genotypes MPC4, Dobosz

and Wania

Immersion of haploid plants for
7.5 h in a 0.1% colchicine, 40 g L−1

DMSO, 0.025 g L−1 GA3 at 25 ◦C
and 80–100 µmol m−2 s−1 light

intensity for chromosome doubling
procedure

From 149 haploid plants
61 survived chromosome doubling
procedure, 52 (85%) were fertile and

produced seeds

[81]

Not specified Colchicine solution with DMSO for
chromosome doubling

Detailed description of a method
for DHs generation [1]
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Table 3. Cont.

Plant Material Culture Conditions Experimental Outcomes Reference

Oat × maize
80 oat genotypes pollinated with

maize cv. “Waza”

Colchicine solution applied on HP
roots for chromosome doubling

from 138 oat lines, the presence of
maize chromatin was indicated in
66 lines from which 27 OMA lines
were fertile and produced seeds

[99]

Oat × maize
Oat: F1 progeny of twenty-two oat

genotypes pollinated with Zea mays L.
var. saccharata (maize) genotypes

MPC4, Dobosz and Wania

For chromosome doubling HP roots
were immersed in a 0.1% colchicine
with 4% DMSO, 0.025 g L−1 GA3,

and 20 µL of Tween 20, left for 7.5 h
at 25 ◦C and 80–100 µmol m−2 s−1

light intensity

591 HE formed, 48 fertile DH plants
producing in all 4878 seeds [90]

Oat × maize
Oat: F1 progeny of twenty-nine oat

genotypes pollinated with Zea mays L.
var. saccharata (maize) genotypes

MPC4, Dobosz and Wania

9465 florets were pollinated with
maize pollen 2 days after

emasculation and treated with
2,4-D at 50 mg L−1 and 100 mg L−1;
colchicine solution applied on HP
roots for chromosome doubling

Higher 2,4-D concentration is more
efficient in obtaining haploid/DH

plants with better vitality and
fertility

[85]

* HE—haploid embryos; ** DH—doubled haploids.

5. Conclusions and Future Directions

Many variables, including screening practices, tolerance bases and mechanisms, gene
function and inheritance, and linkages to agronomical traits, all have an impact on the
choice of an appropriate breeding strategy for the creation of cultivars that are of interest
to us. As new cultivars have been created mostly using conventional breeding methods,
the typical approach involves recombining DNA by distinct chromosomal assortment and
crossing-over.

In conventional breeding, the number of generations is needed to produce stable vari-
ations via natural segregation from the heterozygous progeny of the original crosses. The
in vitro methods could eliminate the necessity for back-crosses or repeated self-pollination.
Although plant tissue culture techniques have developed significantly since the first pub-
lication on oat regeneration from calluses in 1967, the plant regeneration effectiveness is
still low and strongly genotype dependent. Oat plants must be grown year-round for the
isolation of immature embryos, which is costly, requires elaborate equipment, and may
subject donor plants to physiological fluctuation that could influence how frequently tissue
cultures are started. Furthermore, it takes a lot of effort to isolate immature embryos from
oats since the panicle’s fertilization is not as synchronized as it is, for example, in wheat
or barley. As a substitute, mass-producing mature seeds is affordable and offers reliable
explants for starting in vitro cultures, potentially removing the variability in cultures from
different explants. On the other hand, by manipulating gamete development, it is possible
to regenerate fully homozygous plants in just one generation.

Since the beginning of the 20th century, when the theories of totipotency and natu-
rally occurring sporophytic haploids were discovered, the production of haploid and DH
plants has been introduced in the breeding several crop plants. Research has resulted in a
better understanding of the mechanisms of haploid formation, the identification of factors
influencing haploid induction, and the increase in genetic benefits through the application
of DH technology in plant breeding. The recent finding of a very efficient centromere-
mediated genome deletion approach for haploid production has sparked intense interest in
its application in plant breeding.

For oat species, the generation of DH has become an essential tool in advanced
plant breeding. Combining the use of DH methods with applied genomics opens novel
possibilities for maximizing genetic benefits in selection and for developing new, more
cost-effective, and efficient massive techniques, as well as for minimizing the time needed
for cultivar production. However, the study of oat molecular genetics remains substantially
behind that of other grains mainly due to the genome size, and that the oat DNA sequence
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was not fully available. Since the publication of the first quantitative trait loci linkage map
in oat, there have been constant attempts to enhance the density of the map via different
kinds and numbers of markers. The recently sequenced hexaploid Avena sativa L. genome,
although its size is expected to be over 11 Gb and it consists of two ploidy species: Avena
longiglumis (AA) (3.7 Gb) and Avena insularis (CCDD) (7.3 Gb), should help to accelerate the
process of enhancing oats for numerous features [100]. The most important objectives of oat
breeding and modification of genes are to improve tolerance to diseases and environmental
stressors, as well as yield and other important agronomical features [101].

Despite all these advancements, there are still DH line utilization difficulties that
have yet to be resolved. There is a need for greater DH production efficiency (especially
in anthers and microspore cultures compared with wide crossing), as well as improved
germplasm control and a greater awareness of the molecular mechanisms that regulate
the formation of haploid plants. Moreover, an important issue is the elaboration of the
chromosome doubling method without using harmful chemicals. Recently, the production
of haploids using centromere-mediated genetic engineering seems to have been of key
importance. As described by Karimi-Ashtiyani et al. [102], point mutation in the histone
H3 variant CENH3, which is specific to centromeres, may be utilized to create haploid
plants. Plants with this single-point mutation in CENH3 are haploid inducers. Due to the
high degree of conservation of the recognized mutation site and the fact that point mutation
can be achieved via mutagenesis or genome editing, the disclosed method has the potential
to be applicable to numerous crops.

The findings of this review may encourage the spread of this technology’s applica-
tion in accelerating and creating new oat breeding opportunities. We expect that this
review will also assist molecular scientists in the construction of DH segregating popu-
lations in oat species, which are necessary in order to produce genetic maps employing
molecular markers.
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61. Warchoł, M.; Czyczyło-Mysza, I.; Marcińska, I.; Dziurka, K.; Noga, A.; Kapłoniak, K.; Pilipowicz, M.; Skrzypek, E. Factors

inducing regeneration response in oat (Avena sativa L.) anther culture. Vitr. Cell. Dev. Biol. Plant 2019, 55, 595–604. [CrossRef]
62. Wang, X.Z.; Hu, H. The effect of potato II medium for 279 triticale anther culture. Plant Sci. Lett. 1984, 36, 237–239.
63. Dahleen, L.S. Improved plant regeneration from barley callus cultures by increased copper levels. Plant Cell Tissue Organ Cult.

1995, 43, 267–269. [CrossRef]
64. Echavarri, B.; Soriano, M.; Cistué, L.; Vallés, M.P.; Castillo, A.M. Zinc sulphate improved microspore embryogenesis in barley.

Plant Cell Tissue Organ Cult. 2008, 93, 295–301. [CrossRef]
65. Makowska, K.; Oleszczuk, S.; Zimny, J. The effect of copper on plant regeneration in barley microspore culture. Czech J. Genet.

Plant Breed. 2017, 53, 17–22. [CrossRef]
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light intensity on the production of oat (Avena sativa L.) doubled haploids through oat × maize crosses. Cereal Res. Comm. 2016,
44, 490–500. [CrossRef]

100



Agronomy 2023, 13, 2604

97. Dziurka, K.; Dziurka, M.; Warchoł, M.; Czyczyło-Mysza, I.; Marcińska, I.; Noga, A.; Kapłoniak, K.; Skrzypek, E. Endogenous
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Abstract: Callus cultures initiated from red beet tubers were acclimated to 75 or 100 mM NaCl
salinity by exposing them to gradually increasing NaCl concentrations. The acclimated callus lines
displayed growth rates comparable to the control culture cultivated on the NaCl-free medium. Several
antioxidant system components were analyzed to assess the role of the antioxidant defense in the
acclimated callus’s ability to proliferate on salt-supplemented media. It was found that proline and
ascorbate concentrations were increased in salt-acclimated callus lines with respect to the control
line. On the other hand, glutathione concentration was unchanged in all tested callus lines. Total
activities of the antioxidant enzymes, namely superoxide dismutase (SOD, EC 1.15.1.1), catalase (CAT,
EC 1.11.1.6), ascorbate peroxidase (APX, EC 1.11.1.11), and class III peroxidase (POX, EC 1.11.1.7)
were increased in salt-acclimated cultures. The enzymatic components of the antioxidant systems
were upregulated in a coordinated manner during the initial phases of the culture cycle when the
increase in callus fresh mass occurs.

Keywords: antioxidant; ascorbate; ascorbate peroxidase; beet; callus; class III peroxidase; proline; salt
stress; superoxide dismutase

1. Introduction

Currently, it is estimated that about 20% of the world’s agricultural land and 33% of all
irrigated land is exposed to excessive salinization. Moreover, the soil areas threatened with
excessive salinity are increasing at an alarming rate of 10% per year. According to estimates,
by 2050, over 50% of arable land will be considered saline [1]. From year to year, largely as a
result of human activity, the problem of soil salt contamination is becoming more and more
important [2,3]. The salinity, due to changes in the osmotic pressure between the cell and its
environment, and the toxic effects of ions, mainly Na+ and Cl−, triggers both the osmotic
and the ionic stress. This is manifested by water deficit, oxidative stress, disorganization of
cell membranes, disturbances in the mineral nutrient homeostasis, reduced cell division
rate and photosynthetic rates, genotoxicity, and sometimes cell death [2,4,5].

In response to the reductions in the osmotic potential of the salt-contaminated soil
solution, plants developed a mechanism of osmotic adjustment. It consists of the synthesis
of osmoprotective compounds and their accumulation in the cell sap. Several organic
compounds of different chemical properties, such as proline, mannitol, sorbitol, betaine, or
spermine, belong to this category. These molecules allow for maintaining an appropriate
osmotic balance between the vacuole, the cytoplasm, and the external environment of the
cell. In addition, many of them act as antioxidants [6].

Exposure to various biotic and abiotic agents, including salinity, is followed by in-
creased rates of reactive oxygen species (ROS) formation in plant cells [7]. Due to their
high and nonspecific reactivity, ROS may provoke oxidative damage to the cell structures
and macromolecules, such as lipids, proteins, and nucleic acids. In order to prevent oxida-
tive damage, the antioxidant systems are activated in plant cells. Their action consists of
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restoring the oxidative balance by scavenging excess ROS molecules. The antioxidant sys-
tems include compounds with enzymatic activity and non-enzymatic antioxidants. Many
studies have confirmed that the activation of antioxidant enzymes such as superoxide
dismutase (SOD), glutathione and ascorbate peroxidase (GPX and APX), catalase (CAT), or
glutathione reductase (GR) and the accumulation of non-enzymatic antioxidants such as
ascorbate (ASC), glutathione (GSH), tocopherol, flavonoids, and carotenoids contributes to
the formation of salt stress tolerance in plants [8,9].

Several studies demonstrated that callus cultures may serve as a model system for
studies on the cellular dimension of salt stress tolerance mechanism [10]. The callus consists,
in its major part, of rapidly dividing cells. Therefore, it may be particularly advantageous
to use callus for studies on salt stress effects on proliferating plant cell populations. Due to
the relatively large scale of the culture, high growth rates and susceptibility to phytohor-
monal stimuli, and ability to induce different developmental pathways, the callus offers
an easily accessible alternative or useful complement to studies performed using intact
plant meristems [11–13]. Furthermore, tissue culture techniques, including callus cultures,
were frequently proposed, either as a tool to identify markers of salt tolerance [14] or for
breeding salt-tolerating crops. The latter may be accomplished by regenerating plants from
the salt-tolerant somaclonal callus variants selected for salt tolerance [10,15].

Furthermore, callus culture may be exploited as a source of useful metabolites. Red
beet callus is particularly promising in this regard due to its capacity to synthesize be-
talains, a class of nitrogen-containing plant pigments present in a vacuole of most plant
families classified in the order Caryophyllales [16]. Betalains are subdivided into red-violet
betacyanins (betains) and yellow-orange betaxanthins. Red beet tubers, which contain
two main pigments, betanin (red betacyanin) and vulgaxanthin I (yellow betaxanthin),
are the most common source of betalains [17]. Due to their strong antioxidant properties,
these pigments are considered a desirable component of the everyday diet. Possible health
benefits of betalains and betalain-containing red beet juice were frequently reported. The
effectiveness of betanins in the long-term inhibition of the development of skin and liver
tumors has been demonstrated in mice [18]. It has also been found that betanins and
betanidines, acting at very low concentrations, have the ability to inhibit the process of
lipid oxidation and heme breakdown in vitro [19]. The ability of betalains to prevent the
oxidation of endothelial cells has also been observed [20]. It has also been proven that
betalains have the ability to increase the activity of quinone reductase, the enzyme involved
in detoxification processes associated with cancer chemoprevention [21]. Red beet juice
ingestion has been suggested to have beneficial effects on endothelial functions due to its
high nitrate content. After ingestion, the nitrate from the beet juice is first reduced to nitrite
and then easily converted to nitric oxide. The latter promotes artery vasodilation and thus
may contribute to cardiovascular disease prevention. Therefore, red beet ingestion was
particularly recommended during the recent COVID pandemic for periods of home con-
finement, when changes in lifestyle behavior, such as unhealthy diet, emotional disorders,
and reduced physical activity, may increase the risk of cardiovascular disease. It was also
speculated that the boost of NO production following red beet juice ingestion may prevent
the release of a large amount of pro-inflammatory cytokines (called the “cytokine storm”),
which is involved in the development of respiratory distress and multiple organ failure
under severe COVID-19 [22]. Red beet juice is the most common source of beneficial beet
metabolites, but plant tissue cultures offer several advantages over raw plant material, such
as the possibility of manipulating the betalain composition and synthesis rate [23,24].

Here, we show that the callus cultures derived from red beet tubers and acclimated to
either 100 or 75 mM NaCl display growth increments comparable to the control culture
grown on the NaCl-free medium. Then, we analyzed several enzymatic and non-enzymatic
components of the antioxidant defense system to assess their role in sustaining callus
growth on salt-supplemented media.
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2. Material and Methods
2.1. Red Beet Tuber Callus and Its Acclimation to Salinity

The plant material used for the study was a callus culture derived from red beet (Beta
vulgaris) hypocotylar tuber explants. Red beet tubers were purchased at a local market,
rinsed in distilled water, surface sterilized with 70% ethanol for 5 min, and then, for
20 min, in a 50% solution of commercial bleach (about 2% Cl2). Next, the tubers were
washed several times for 5 min in sterile distilled water. Afterward, cuboid fragments of
storage parenchyma were excised under aseptic conditions and placed on a solid medium
containing mineral salts and vitamins according to Murashige and Skoog’s medium [25]
and 3% sucrose, 0.75% agar, 1 mg/L 6-benzylaminopurine (BAP), and 0.1 mg/L 2,4-
dichlorophenoxyacetic acid (2,4-D). The pH of the medium was adjusted to 5.7 before
autoclaving the medium. Phytohormones were added to the medium from filter-sterilized
stock solutions after autoclaving. Callus culture was carried out in a culture room under
continuous irradiation and at 25 ◦C.

The callus was subcultured at 4-week intervals into the fresh medium. During subse-
quent subcultures, three callus lines were established. The control callus line was grown
on the medium of the composition mentioned above. Simultaneously, in order to produce
salt-acclimated callus lines, distinct callus cultures were subjected to gradual acclimation
to salinity by transferring tissue onto the NaCl-supplemented media. For this purpose,
the NaCl content in the media was increased by 5–10 mM NaCl with each subsequent
subculture until final concentrations of 75 or 100 mM NaCl in the medium were achieved.
The callus lines generated in this way were referred to as 75 mM NaCl-acclimated callus or
100 mM NaCl-acclimated callus. Then, the acclimated lines were cultivated for two years
on media containing target NaCl concentrations. Subcultures were initiated using a callus
inoculum of 1 g. The samples of callus tissue were collected in weekly intervals for fresh
mass and biochemical parameter analysis.

2.2. Total Ascorbate Content

The assay was based on the reduction of Fe3+ to Fe2+ by ASC after reducing dehy-
droascorbic acid to ascorbic acid and the spectrophotometric detection of Fe2+ complexed
with 2.2′-dipyridyl. In order to isolate ascorbate, samples consisting of 250 mg of callus
were homogenized with 5 volumes of 5% TCA at 4 ◦C in a porcelain mortar. The ho-
mogenate was centrifuged at 10,000× g for 10 min at 4 ◦C. The supernatant was collected
for analysis of ascorbate. In order to reduce dehydroascorbic acid to ascorbic acid, 135 µL
of supernatant was mixed with 16.87 µL of 10 mM dithiothreitol (DTT) and 16.87 µL of
80 mM K2HPO4 and incubated 5 min at room temperature. Afterwards, the following
reagents were added in sequence: 80 µL of 85% H3PO4, 1.37 mL of 0.5% 2,2′-dipiridyl,
and 280 µL of 1% ferric chloride. The samples were allowed to stay for 30 min at room
temperature for the color to develop. Then, the absorbance at 525 nm (A525) was measured.
The values of absorbance were compared with a standard curve based on ASC in the range
of 0–50 µg mL−1.

2.3. Total Glutathione Content

The measurement principle was based on the measurement of the rate of reduction
of 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) to 2-nitro-5-thiobenzoic acid (TNB) by glu-
tathione, which was oxidized to GSSG. The resulting GSSG was converted back to GSH by
glutathione reductase at the expense of NADPH oxidation. To extract glutathione, 0.2 g
of callus tissue was frozen in liquid nitrogen and ground to a powder using a porcelain
mortar. After that, the powder was extracted with 2 mL of 5% sulfosalicylic acid. The
resulting homogenate was centrifuged for 10 min at 10,000× g at 4 ◦C. The glutathione
content was assayed with a Glutathione Assay Kit (Sigma-Aldrich, Burlington, VT, USA)
according to the producer’s protocol.
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2.4. Proline Content

Proline was measured following the methods of Abrahám et al. [26]. The proline was
extracted with 3% sulfosalicylic acid (5 µL/mg fresh weight). Next, 100 µL of the extract
was mixed with 100 µL of 3% sulfosalicylic acid, 200 µL glacial acetic acid, and 200 µL acidic
ninhydrin. The mixture was incubated at 96 ◦C for 60 min, cooled on ice, and extracted
with 1 mL toluene. The absorbance of the chromophore phase was measured at 520 nm
against toluene as a reference.

2.5. Enzyme Extraction, Assays, and Isoenzyme Profiling

The protein extract for superoxide dismutase, catalase, and peroxidase activity assay
was prepared by homogenizing 0.5 g callus tissue at 4 ◦C in 1.5 mL of the homogenization
buffer composed of 100 mM phosphate buffer, pH 7.8, 1 mM EDTA, 8 mM MgCl2, 4 mM
DTT, and 0.1% Triton X-100. The extraction of ascorbate peroxidase was performed in the
100 mM phosphate buffer, pH 7.5, supplemented with 1 mM EDTA and 5 mM ascorbic acid.
Ascorbate oxidase was extracted with 100 mM phosphate buffer (pH 6.1) supplemented
with 0.5 mM EDTA. The homogenates were centrifuged at 4 ◦C for 10 min at 10,000× g,
and supernatants containing the extracted enzymes were used for the activity assays and
isoenzyme analysis. Total protein was assayed according to Bradford [27] with BSA as
a standard.

The activity of superoxide dismutase (SOD, EC 1.15.1.1) was assayed by its ability to
inhibit photochemical reduction in NBT at 560 nm [28]. The assays were carried out in
the 1.6 mL of the reaction mixture composed of 50 mM sodium phosphate buffer (pH 7.8),
33 mM NBT, 10 mM L-methionine, 0.66 mM EDTA, 0.0033 mM riboflavin, and 50 µL
of enzyme extract. The concentrations of the reagents are their final concentrations in
the reaction mixture. Simultaneously, control samples were prepared, where enzyme
extract was replaced by homogenization buffer. Riboflavin was added last to the reaction
mixtures. Thereafter, the test and control tubes were irradiated under constant white light
for 10 min. Following irradiation, the A560 was measured against the nonirradiated reaction
mixture. One unit of SOD was defined as the amount of enzyme that inhibits 50% NBT
photoreduction. Cyanide-resistant SOD activity was assayed in the presence of 10 mM
KCN. Peroxide-resistant SOD activity was assayed in the presence of 5 mM H2O2.

The activity of the SOD isoforms was determined after the electrophoretic separation
of protein extract in the polyacrylamide gel. Samples containing 200 µg of total protein
were subjected to discontinuous PAGE under nondenaturating, nonreducing conditions
as described by Laemmli [29] using a stacking gel containing 4% (w/v) acrylamide and a
separating gel containing 12% (w/v) acrylamide. After the completion of electrophoresis,
the gels were stained for the activities of SOD. To visualize the SOD activity, the method
of Rao et al. [30] was applied. Firstly, the gels were incubated for 25 min with 100 mM
phosphate buffer, pH 7.8, containing 2.5 mM NBT. Next, the gels were transferred to the
solution containing 28 mM tetramethyl ethylene diamine and 28 µM riboflavin in 100 mM
phosphate buffer, pH 7.8, and kept for 25 min. in the darkness with gentle agitation. After
that, the gels were placed in distilled water and exposed to white light for 10–15 min.
until the bands were visible. SOD isoenzymes appeared as colorless bands on a deep-
blue background. The identification of SOD isoforms was based on the inhibitory effect
of KCN and H2O2 on the activity of SOD isoenzymes. After the accomplishment of the
electrophoresis, the gels were incubated in the NBT-containing buffer, prepared as described
above but supplemented with either 5 mM KCN or 5 mM H2O2. Following the 25-min-
long incubation, the procedure of the visualization of the SOD activity was performed.
Different sensitivity of given isoforms to inhibitors—KCN and H2O2—was used. Namely,
the activity of FeSOD is inhibited by hydrogen peroxide, while KCN remains insensitive.
The manganese isoform is not inhibited by KCN or inactivated by H2O2. On the other
hand, CuZnSOD is sensitive to both KCN and H2O2 [31–33].

The activity of catalase (CAT, EC 1.11.1.6) was assayed according to Rao et al. [30].
The measurement of CAT activity was based on the following decrease in absorbance at
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240 nm in 1 mL of the reaction mixture composed of 100 mM phosphate buffer, pH 7.0,
30 µL enzymatic extract, and 1.5 µL of 30% (v/v) H2O2. The decrease in A240 was followed
at 25 ◦C against a plant extract-free blank. The activity of CAT was expressed as the number
of µmol of H2O2 decomposed during 1 min by 1 mg of total protein [30].

The assay for ascorbate peroxidase (APX, EC 1.11.1.11) activity was performed accord-
ing to Rao et al. [30]. The APX activity was determined by following the decrease in A290
for 3 min in 1 mL of reaction mixture composed of 100 mM K+-phosphate buffer, pH 7.5,
0.5 mM ASC, and 0.2 mM H2O2 [30,34]. The concentrations of the reagents are their final
concentrations in the reaction mixture. A slight decrease in absorbance observed in the
absence of enzyme extract was subtracted. No decrease in absorbance occurred unless
H2O2 was present in the reaction mixture. The activity of APX was expressed as a number
of µmol ASC oxidized by 1 mg of total protein in 1 min [30,34].

Gels for APX staining were run in carrier buffer containing 2 mM ascorbate. These gels
were prerun for 30 min to allow ascorbate present in the buffer to enter the gel prior to the
application of samples [30,35]. Staining the gels for APX activity was performed according
to Rao et al. [30]. Firstly, the gels were equilibrated with 50 mM K+-phosphate buffer,
pH 7.0, containing 2 mM ASC for 30 min. Then, the gels were incubated for 20 min in a
reaction mixture composed of 4 mM ASC and 2 mM H2O2 in 50 mM K+-phosphate buffer,
pH 7.0. Then, the gels were briefly washed with buffer and stained in the solution of 28 mM
tetramethyl ethylene diamine and 2.45 mM nitroblue tetrazolium in 50 mM K+-phosphate
buffer, pH 7.8. The APX bounds remained colorless on the deep blue background [30].

The activity of soluble class III peroxidases (POX, EC 1.11.1.7) was determined by
recording changes in absorbance in a 1 mL reaction mixture containing 100 mM phosphate
buffer, pH 6.0, 60 mM pyrogallol, 0.66 mM H2O2, and 5 µL of protein extract. The concen-
trations of the reagents are their final concentrations in the reaction mixture. The reaction
was started by adding H2O2 to the mixture. Absorbance measurement at λ = 420 nm was
recorded for 60 s against phosphate buffer using a U-1800 spectrophotometer (Hitachi,
Tokyo, Japan). In parallel, absorbance changes in enzyme-free reaction mixtures were
determined to correct for non-enzymatic oxidation of pyrogallol.

In order to separate peroxidase isoenzymes, 50 µg of total protein was subjected to
native electrophoresis on polyacrylamide gel. The separating gel containing 7.5% (w/v)
acrylamide and a stacking gel containing 4% (w/v) acrylamide were used. After the
electrophoresis, the gels were immersed in the solution containing 0.63 mM o-dianisidine
and 30 mM H2O2 in 50 mM phosphate buffer, pH 6.0, for 15 min. Peroxidase isoenzymes
stained red.

2.6. Statistics

Statistical significance of differences between mean values of biochemical parameters
were determined with two-way ANOVA to evaluate the effect of two factors (callus line and
sampling point) and their interaction. The significance of differences between experimental
variants was assessed in the course of a multiple comparison analysis employing Tukey’s
HSD. Differences at the level of p < 0.05 were considered significant. All statistical tests
were performed in SigmaPlot 11.0 (Systat Software, San Jose, CA, USA). Callus growth and
the biochemical parameter analysis were repeated three times during three independent
culture periods. At each sampling point, five independent cultures, representing 75 mM
NaCl-acclimated callus, 100 mM NaCl-acclimated callus, or control callus, were analyzed.
The mean and standard deviation were calculated for each of the three callus lines sepa-
rately. Error bars shown in all figures represent the standard deviation calculated from all
repetitions representing a given callus line in each experiment.

3. Results
3.1. Callus Morphology and Its Fresh Mass (FM)

The callus cultures, derived from red beet tubers, were characterized by intensive
red pigmentation. The control line was quite uniformly red-pigmented (Figure 1A). The
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salt-acclimated calli were also predominantly composed of red-pigmented tissue, but the
bright-red, yellowish, and greenish clumps of the callus were discernible (Figure 1B,C).
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Figure 1. Photographs of the representative cultures of the red beet tuber−derived callus, representing
the control callus line, grown on the NaCl−free medium (A), 75 mM NaCl−acclimated, (B) and 100
mM NaCl−acclimated callus line (C). The photographs were taken 28 days after subculture.

Callus FM gradually increased in all lines over the culture period. The results of the
two-way ANOVA indicated a significant difference in FM between the sampling points
(F = 64.025, p < 0.001). However, the largest FM increments occurred during the first 14 days
of the culture period, resulting in significant differences in the FM between the values
determined at the two first sampling points. Measurements performed 21 and 28 days after
subculture show that growth increments, occurring during the second half of the culture
period, were smaller, with negligible differences between the sampling points. The tissues
acclimated to salinity were characterized by comparable FM to one of the control line
when analyzed during subsequent sampling points. No significant differences in the FM
were detected between the tested lines at all sampling points. At the first sampling point,
i.e., 7 days after subculture, the acclimated lines displayed smaller FM than the control
one, but as mentioned above, the difference did not pass the significance test (Figure 2).
Comparing the difference in the FW between the 7th and 14th day of culture shows a
higher increase in the FW in the salt-acclimated lines (115% and 136%, for 75 mM NaCl-
and 100 mM NaCl-acclimated callus, respectively), as compared to the control line (49%).
However, no statistically significant differences were detected between the tested lines
(F = 3.217, p = 0.052), and no interaction between the callus line and sampling points was
detected (F = 1.302, p = 0.281). These data show that the 75 mM or 100 mM NaCl-acclimated
lines are not deficient in their growth rate with respect to the control line grown on the
salt-free medium.

3.2. Ascorbate, Glutathione, Proline

The outcome of the two-way ANOVA analysis indicated the significant effect of the
callus line (F = 60,170, p < 0.001) and the length of culture (F = 26.1, p < 0.001) on the
ascorbate level, and there was an interaction between the two factors (F = 8.985, p < 0.001).
After the first week of the growth cycle, the ascorbate content was similar in the control line
and the salt-acclimated lines. The ascorbate level increased by the end of the second week
of the culture period in all callus lines. However, in the control line, the antioxidant content
decreased over the second half of the culture, whereas it remained relatively stable in the
salt-acclimated lines. Consequently, the majority of the culture period was marked by a
significantly increased ascorbate content in the lines acclimated to either 75 mM or 100 mM
NaCl when compared to the control line. The highest ascorbate levels were detected in the
100 mM NaCl-acclimated line. In this line, the ascorbate level was 53% and 77% higher than
in the control line after 21 and 28 days of culture, respectively. (Figure 3A). In contrast to
ascorbate, the glutathione content was stable across the growth cycle (F = 2.267, p = 0.097),
and it did not differ significantly between the salt-acclimated and the control callus line
(F = 1.338, p = 0.275, Figure 3B). The proline content in callus differed significantly in
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function of both the callus line (F = 77.140, p < 0.001) and the sampling time (F = 40.299,
p < 0.001). Furthermore, there was a statistically significant interaction between the two
factors (F = 3.886, p = 0.008). The concentration of proline in the control line and the line
adapted to the salinity of 75 mM NaCl was similar over the entire culture period. On the
other hand, the line acclimated 100 mM NaCl accumulated significantly higher proline
levels. Irrespective of the callus line, the proline levels slightly decreased in all lines over the
first three weeks of the growth cycle. However, during this period, proline concentrations in
the 100 mM NaCl-acclimated line were significantly higher when compared to other callus
lines. When compared to the control line, the proline levels in the 100 mM NaCl-acclimated
callus were 46%, 56%, and 80% higher after 7, 14, and 21 days of culture, respectively.
After 28 days of the growth cycle, the proline content was similar in the tested callus lines
(Figure 3C).
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Figure 2. Time course of the fresh mass increments in the red beet tuber−derived callus acclimated
to 75 (grey bars) or 100 mM NaCl (black bars) or cultured on basal medium (control, white bars).
Fresh mass was assessed after 7, 14, 21, and 28 days of the four−week−long culture period. Different
letters denote significant differences at p < 0.05.

3.3. Superoxide Dismutase (SOD) and Catalase (CAT)

Irrespective of the callus line, the highest SOD activity was observed 7 days after
subculture. After that, the SOD activity gradually decreased until the lowest levels were
attained after 28 days of culture. Over the entire culture period, a clear correlation of dismu-
tase activity with the presence of NaCl in the culture medium was observed. A significantly
higher level of SOD activity was noted in tissues acclimated to salinity, compared to the
callus cultured on medium without the addition of NaCl. After 7 days of culture, the lowest
SOD activity was detected in the control tissue, intermediate one in the tissue adapted to
100 mM NaCl (47% higher than control), and the highest activity was found in the tissue
adapted to 75 mM NaCl (62% higher than control). When analyzed after 14, 21, or 28 days
of culture, a dose–response relationship was observed between the salt concentration and
the SOD activity, with the highest SOD activities revealed in a 100 mM NaCl-acclimated line
(Figure 4A). Compared to the control line, SOD activity increased by 31%, 36%, and 16% in
the 75 mM NaCl-acclimated line and 48%, 53%, and 50% in the 100 mM NaCl-acclimated
line on the 14th, 21st, and 28th day, respectively. The results of the two-way ANOVA show
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that the SOD activity was strongly dependent on the type of the callus line (F = 533.902,
p < 0.001) and on the stage of the culture period (F = 1116, p < 0.001). There was also a
significant interaction between the two factors (43.194, p < 0.001).
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period. Different letters denote significant differences at p < 0.05.
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Figure 4. Total superoxide dismutase (SOD) activity (A) and zymogram analysis of SOD isoen-
zymes (B) in the red beet tuber−derived callus acclimated to 75 (grey bars) or 100 mM NaCl (black
bars) or cultured on basal medium (control, white bars). SOD activity was assessed after 7, 14, 21,
and 28 days of the four−week−long culture period. Different letters denote significant differences at
p < 0.05. SOD isoenzyme analysis was performed 14 days after subculture.

Superoxide dismutase isoenzyme pattern analysis in the red beet callus revealed the
presence of one MnSOD, two CuZnSOD, and two FeSOD isoenzymes. Total protein prepa-
rations were analyzed for SOD isoenzyme patterns 14 days after subculture. The bands
representing CuZnSOD and FeSOD displayed visibly higher intensity in salt-acclimated
tissues than in the control line. Contrastingly, the MnSOD activity was higher in the control
line (Figure 4B).

All lines displayed the highest CAT activities in the first week of the growth cycle. A
dose–response dependence of the CAT activity on the salt concentration in the medium
was observed at this sampling point. In the 75 mM NaCl-acclimated callus, CAT activity
was higher than in the control line, but the difference was not statistically significant.
Significantly higher enzyme activity, as compared to the control, was detected in the tissues
acclimated to 100 mM NaCl (80% increase). In the following weeks, CAT activity strongly
decreased in all callus lines, and there were also no significant differences between them,
except the 100 mM NaCl-acclimated callus, determined 21 days after subculture. At this
sampling point, the CAT activity was significantly lower than in the control and the one
acclimated to 75 mM NaCl (Figure 5). The two-way ANOVA analysis did not indicate the
significant effect of the type of the callus line on CAT activity (F = 0.128, p < 0.880).
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Figure 5. Catalase (CAT) activity in the red beet tuber−derived callus acclimated to 75 (grey bars)
or 100 mM NaCl (black bars) or cultured on basal medium (control, white bars). CAT activity was
assessed after 7, 14, 21, and 28 days of the four−week−long culture period. Different letters denote
significant differences at p < 0.05.

3.4. Ascorbate Peroxidase

APX activity was relatively stable over the entire culture period in all callus lines,
except the 28 days after subculture when the activity in the salt-acclimated lines significantly
decreased when compared to the previous part of the culture period. However, during the
first three weeks of the culture, APX activity in the salt-acclimated lines was maintained
at significantly higher levels than in the control line. Compared to the control line, APX
activity increased by 26%, 73%, and 62% in the 75 mM NaCl-acclimated line and 45%, 90%,
and 64% in the 100 mM NaCl-acclimated line on the 7th, 14th and 21st day, respectively.
Contrastingly, after 4 weeks of the culture, APX activities in the salt-acclimated lines
dropped below the level detected in the control line, with a 25% and 34% decrease, in the
75 mM NaCl- and 100 mM NaCl-acclimated line, respectively (Figure 6A). The results of the
two-way ANOVA show that both factors, i.e., the type of callus line and the sampling point,
during the culture period (F = 147.107, p < 0.001 and F = 335.955, p < 0.001, respectively)
affected APX activity and a statistically significant interaction between the APX activity
and the stage of the culture period (F = 49.342, p < 0.001) occurred.

Analysis of the APX isoenzyme pattern performed 14 days after subculture revealed
the presence of one APX isoenzyme, which was common for callus lines (APX1). The
band was most intensely stained in the 75 mM NaCl-acclimated line. In contrast to the
control line and the 75 mM NaCl-acclimated line, the 100 mM NaCl-acclimated callus was
distinguished by the second APX isoenzyme (APX2). The band representing this isoenzyme
was characterized by strong intensity in the 100 mM NaCl-acclimated but was absent in
other lines (Figure 6B).
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Figure 6. Ascorbate peroxidase (APX) activity (A) and zymogram analysis of APX isoenzymes (B)
in the red beet tuber−derived callus acclimated to 75 (grey bars) or 100 mM NaCl (black bars) or
cultured on basal medium (control, white bars). APX activity was assessed after 7, 14, 21, and 28 days
of the four−week−long culture period. Different letters denote significant differences at p < 0.05.
APX isoenzyme analysis was performed 14 days after subculture.

3.5. Class III Peroxidases

POX activity was dependent on the type of the callus culture (F = 142.870, p < 0.001) and
the sampling time (F = 117.949, p < 0.001). There was also a significant interaction between
these factors (F = 36.632, p < 0.001). During the first three weeks of the culture period, the
POX activity was significantly increased in the salt-acclimated lines in a dose–response
manner. Compared to the control line, POX activity increased by 46%, 49%, and 146% in the
75 mM NaCl-acclimated line and 155%, 153%, and 175% in the 100 mM NaCl-acclimated
line on the 7th, 14th, and 21st day, respectively. The control line displayed a relatively
stable level of POX activity over the first three weeks of the culture period. However, the
enzyme’s activity increased in the fourth week. The 75 mM NaCl-acclimated line was
marked by a gradual increase in the POX activity till the third week after subculture. On
the other hand, the POX activity in 100 mM NaCl-acclimated callus reached its maximal
level when determined 14 days after subculture. Then, a gradual decrease in its activity
occurred (Figure 7A).
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Figure 7. Class III peroxidase (POX) activity (A) and zymogram analysis of POX isoenzymes (B)
in the red beet tuber−derived callus acclimated to 75 (grey bars) or 100 mM NaCl (black bars) or
cultured on basal medium (control, white bars). POX activity was assessed after 7, 14, 21, and 28 days
of the four−week−long culture period. Different letters denote significant differences at p < 0.05.
POX isoenzyme analysis was performed 14 days after subculture.

Soluble peroxidase isoenzyme analysis revealed the presence of two peroxidase isoen-
zymes in the control line (POX1 and 2). The same soluble peroxidase isoenzymes were
present in the salt-acclimated lines, but they were more intensive in these lines, suggesting
higher peroxidase activity (Figure 7B).

4. Discussion

Beets are highly salt-tolerant crops. In spite of the recent progress in the field of eluci-
dating the salt-tolerance traits in beets at the morphological, physiological, and molecular
levels [36], the complete view of the mechanisms underlying the outstanding salt tolerance
in this crop is still far from being accomplished. New experimental systems are required to
provide a deeper understanding of the salt tolerance at different levels of the plant’s body.
Callus is an unorganized or loosely organized structure [11]. Therefore, we assume that
studies on salt-acclimated calli may contribute to deciphering the salt-tolerance mechanism
acting solely at the cellular level in the absence of correlative interactions occurring in
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the highly structured organs and tissues of the intact plant body. Thereafter, the analyses
of the salt-acclimated calli may complement the salt tolerance studies performed using
entire plants.

Here, we selected salt-tolerant red beet callus lines by gradually increasing salt concen-
tration in the culture medium over subsequent subcultures until 75 or 100 mM NaCl was
reached. Then, the culture media supplemented with final salt concentrations was used for
a long-term culture. Red pigmentation of cultures proves that they retained the red beet
tuber tissue’s capacity for betalain synthesis. However, some differences in pigmentation
between the lines suggest that salt treatment may, to some extent, affect pigment composi-
tion in the callus (Figure 1). Clarifying the mechanism behind this finding needs further
research. Callus growth rate, analyzed over the four-week-long culture period, shows that
the growth of salt-acclimated calli was slightly retarded, with respect to the control line, at
the beginning of the culture period. However, in subsequent phases of the culture period,
the growth increments of the salt-acclimated lines were comparable to the control line
(Figure 2). Therefore, we conclude that the NaCl-treated lines achieved tolerance to the salt
stress. Several studies were conducted with different plant tissue cultures in order to obtain
salinity-resistant cell lines [37]. Similar to our results, the NaCl-tolerant callus, derived
from sunflower cotyledons, showed no reductions in growth when grown in the presence
of 175 mM NaCl [38]. Previous salt acclimation seems to be mandatory for callus growth
on salt-supplemented media. For example, the mung bean callus culture, not adapted to
growth on a medium supplemented with 150 mM sodium chloride, showed no signs of
growth and died within two weeks. In contrast, the salt-adapted cell lines, transferred
to media containing 150 mM NaCl concentration, showed a marked growth of the tissue.
However, in this case, the tissue mass was lower compared to the callus cultured in a
salt-free medium [39]. Similar results were obtained by comparing the growth of the potato
calli, either exposed directly to 50–200 mM NaCl or gradually acclimated to increased NaCl
concentrations. Both treatments were effective in selecting tissues acclimated to salinity,
but better results were obtained when concentrations of NaCl were gradually added to the
medium. Only in the case of callus culture carried on a medium with 200 mM NaCl did the
cells not show a clear growth and many of them died after two weeks of the experiment,
irrespective of the mode of treatment [40].

Since oxidative stress is a common consequence of salinity, the antioxidant metabolites,
ascorbate and glutathione, were investigated in the salt-acclimated and control calli. Data
shown in Figure 3A show that negligible differences in ascorbate content between the
salt-acclimated and control lines were present in the first half of the cycle period. However,
in the second half of the cycle period, the ascorbate content was maintained at elevated
levels (especially in the 100 mM NaCl-acclimated callus), whereas the antioxidant content
decreased in the control line. This finding suggests that increased ascorbate contents may
contribute to salt tolerance in the acclimated lines. Furthermore, ascorbate levels may affect
betalain levels in the callus since ascorbic acid is a cofactor of DOPA-dioxygenase, a key
enzyme involved in betalain synthesis [41]. It was also suggested that the degradation
of betalains during storage is suppressed in the presence of ascorbate [42]. On the other
hand, the control line and salt-acclimated lines did not differ in the glutathione content
throughout the culture period (Figure 3B). The results of previous studies show that GSH
and/or ASC usually increase in plant callus tissues subjected to salinity stress. Studies on
calli derived from potato tissues showed a 30% increase in ascorbate concentration in calli
adapted to 50 mM NaCl medium compared to the control line, whereas a twofold increase
in ASC content was observed in tissues cultured in the presence of 100 mM NaCl [14,40].
Cotton callus accumulated higher concentrations of ascorbate compared to the control
line when cultured in a medium with 150 mM NaCl. An increase in glutathione levels
relative to the control line was also observed [43]. On the other hand, the salt-tolerant line
of sunflower callus contained much less GSH as compared to the callus cultured in the
absence of salinity [38].
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Proline is a versatile molecule being involved in mitigating salt stress due to its osmo-
protectant, antioxidant, and redox-buffering properties [44]. Based on the results of the
proline measurement, which show that solely the 100 mM NaCl-acclimated callus accumu-
lates its increased levels (Figure 3C), it can be concluded that the ability to increase proline
content under salinity conditions is dependent primarily on the stress intensity, and not on
the presence of salt itself. Noteworthy, the proline content attained its highest levels at the
beginning of the culture period. Then, its content gradually declines to the minimal values
attained at the final phase of the culture cycle (Figure 3C). Possibly, the osmoprotective
effect of proline is important at the initial phase of the growth cycle to ensure efficient
water and nutrient uptake for intensively growing tissue. The decline of proline concen-
tration in the later phase may be beneficial for callus growth and viability since the high
proline may impart toxic effects if over-accumulated or applied exogenously at excessive
concentrations [45]. Proline accumulation is a common phenomenon in salt-adapted calli.
Salt-adapted and salt-stressed calli of potato accumulated about 10 times more proline than
the control [14]. Under salt stress, callus developed from rice seeds accumulated higher
levels of proline as compared to the unstressed control conditions [46]. Proline content was
strongly enhanced in the soybean callus line selected for salt tolerance [47]. Proline was
also accumulated in salt-stressed calli of Salicornia sp. and Guizotia abyssinica [48,49].

The activities of intracellular antioxidant enzymes, namely CAT, SOD, and APX, were
markedly enhanced in the salt-acclimated lines, especially in the initial and middle phases
of the culture period (Figures 4–6). This finding is particularly striking for CAT. The activity
of this enzyme, as well as the ones of SOD and APX, was increased, in the salt-acclimated
lines, solely in the first week of the culture period. Since CAT has a relatively low affinity for
H2O2, the enzyme is an efficient H2O2 scavenger only at high oxidant concentrations [50,51].
High oxidant levels may be present in cells at the beginning of the cycle period, during the
first days following subculture onto salt-supplemented medium, when the rapid growth
increments occur, whereas CAT activity quickly declines, elevated SOD and APX activities
are maintained until the third week of the culture period (Figures 4–6). The activities
of these enzymes decline in the final phase of the culture period (Figures 4–6), when no
significant increment in the callus growth occurs (Figure 2).

The rapid growth is promoted by a high metabolic rate. Its side effect is increased
ROS production, which is further accelerated if callus cells are grown on salt-containing
media [52]. Therefore, the increased activities of the antioxidant enzymes may promote
growth on salt-supplemented media by safeguarding normal cell function under salinity,
and thus, they contribute to the salt-acclimation mechanism in the red beet callus. In line
with our results, increased SOD and APX activities were noticed in mung bean callus tissue,
tolerant to 150 mM NaCl. Contrastingly, the activities of these enzymes were decreased and
highly inhibited by salt in the callus nonselected for salt tolerance [30]. NaCl-tolerant lines
of the eggplant callus showed significantly higher SOD and CAT activities compared to
control [15]. In contrast to our results, SOD and APX activities were lower in salt-adapted
calli of potato in relation to the control, cultured on salt-free medium [14].

Zymogram analysis of SOD activity revealed the presence of five superoxide dismutase
isoforms in red beet calli. Namely, the one representing MnSOD, FeSOD, and two CuZnSOD
isoenzymes were distinguished. MnSOD activity was reduced, but FeSOD and CuZnSOD
activities were markedly enhanced in the salt-acclimated lines (Figure 4B). Therefore, the
increased total SOD activity in the salt-acclimated lines may be attributed to the increase in
the activity of FeSOD and CuZnSOD isoenzymes (Figure 4B). The acclimation to salinity
enhanced the activity of isoenzymes which were present in the control line, i.e., the salt-
acclimation did not change the SOD isoenzyme pattern. A similar situation was observed
in the potato callus, where the same SOD isoenzymes were present in the salt-tolerant
and the control calli. However, they differed in staining intensity between the adapted
and control calli [14]. In contrast to SOD, the APX zymogram pattern analysis revealed a
separate isoenzyme (APX2), which was expressed solely in the 100 mM NaCl-acclimated
callus. On the other hand, the 75 mM NaCl-acclimated line showed an increased activity of
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the isoenzyme, represented by the band of the same mobility as in the control line (APX1)
(Figure 6B). Therefore, the APX isoenzyme pattern in the red beet salt-acclimated callus
is regulated by salt in a salt dose manner. Contrastingly, the native PAGE of the soluble
fraction from both control and salt-adapted potato calli showed two bands with the same
mobility [14].

Soluble POX activity strongly increased over three weeks following callus subculture
in the cell lines acclimated to the saline medium. On the other hand, the POX activity in the
control was relatively stable during the culture period. Significant differences in peroxidase
activity were found both between the control line and both salinity acclimated lines, as well
as between tissues cultured in the presence of 75 and 100 mM NaCl. Enzymatic activity
in 100 mM NaCl-acclimated callus was the highest. Analysis of the peroxidase activity
of proteins separated by native PAGE was in line with total activity measurements. Two
bands corresponding to soluble peroxidase isoenzymes were present in all callus lines,
and both appeared with higher staining intensity if extracted from salt-acclimated lines
(Figure 7B). High and maintained over the major part of the culture period, peroxidase
activity may largely contribute to antioxidant safeguard against salt toxicity in the salt-
acclimated calli. The mechanism underlying the role of POX in mitigating oxidative stress
in the salt-acclimated red beet callus requires further studies. Possibly, the betalains might
be involved in the POX-dependent H2O2 detoxification. Previous research indicates that
betalains can act as electron donors for POX to detoxify H2O2 [42,53]. Being abundant
in the red beet callus (Figure 1), the betalains may provide the reducing force for the
POX-catalyzed H2O2 scavenging parallel to one of the ascorbic acids in the APX-catalyzed
reaction. Similar to other antioxidant enzymes, a decrease in POX activity, especially in the
100 mM NaCl-acclimated line, coincided with the transition of the culture to the stationary
phase (Figure 7A). Stimulatory effects of salinity on POX activity in plant tissue cultures
were usually reported, but POX activity frequently differed, depending on the culture
technique and plant species. Salt-adapted tomato suspension culture was characterized
by elevated POX activity, but in contrast to our results, maximal enzyme activities were
reached during the last days of the growth cycle [54]. The salt-tolerant line of sunflower
callus displayed increased POX activity during a 28-day-long culture period [38]. The
glutathione peroxidase activity was increased under NaCl treatments in the alcaligrass
(Puccinellia tenuifora) callus. However, in this study, the nonsalinity acclimated tissue
was used [55]. In the calli derived from halophytic species, such as Salicornia sp., the
salt treatments may either increase or decrease POX activities, depending on the plant
species [48].

5. Conclusions

We developed two lines of the salt-acclimated red beet callus and determined its
growth and several antioxidative parameters after a long-term culture on salt-supplemented
media. The study revealed that SOD, CAT, APX, and POX activities were characterized by
higher activity values in salinity-acclimated tissues when compared to the control callus
cultured on salt-free media. From among the low molecular substances determined in the
tested lines, the ascorbate and proline concentrations were increased in the acclimated lines,
whereas the glutathione content was at the control level. The enzymatic components of the
antioxidant systems and proline content were more pronounced during the initial phases
of the culture cycle when the increase in callus fresh mass occurs. An increased level of
antioxidant protection contributes to sustaining cell division and cell expansion underlying
the red beet callus growth increments under continuous exposition to salinity.
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Abstract: Red pears are appreciated for their abundant nutritional benefits and visually striking red
hue, rendering them a favored option among consumers and stimulating substantial market demand.
The present study employs the flesh of a red pear as the explant, subjecting the flesh callus to varying
sugar sources, MS concentrations, light qualities, and temperatures to investigate the alterations
in secondary metabolites, including anthocyanins, within the callus. It was found that sucrose can
induce more anthocyanins, and its related metabolites and genes also increase as the sucrose and
MS concentrations increase. Under the conditions of red-blue light and a temperature of 15 ◦C, it
can further induce the production of more anthocyanins and secondary metabolites and can also
upregulate the synthesis of anthocyanin-related genes. As such, this investigation serves to elucidate
the factors that contribute to anthocyanin accumulation in red pears, thereby providing a theoretical
foundation for understanding the mechanisms underlying color change.

Keywords: callus; pear; anthocyanin; sucrose; light; temperature

1. Introduction

The process of coloration in most fruits involves the degradation of chlorophyll and
the accumulation of anthocyanins, which are naturally occurring water-soluble pigments
that are found in various plant tissues and organs [1,2]. Anthocyanins contribute to the red,
purple, and blue colors that are observed in plants [3]. The specific coloration of a plant is
influenced by various factors, including the type of anthocyanin present, the plant species,
and environmental conditions such as light exposure [4]. Anthocyanins can play a crucial
role in promoting fruit coloration, enhancing fruit quality, providing resistance to UV
damage and pathogens, and improving resistance to adverse environmental conditions and
challenges [5]. Furthermore, anthocyanins exhibit antioxidant properties and are capable
of scavenging free radicals, thus slowing down the aging process [6]. Available evidence
suggests that anthocyanins may also decrease the incidence of several chronic diseases, such
as cardiovascular disease and type 2 diabetes, while enhancing visual function, memory,
and preventing Alzheimer’s disease [7–10]. Consequently, increasing the anthocyanin
content in fruits can effectively enhance their commercial value.

Researchers have demonstrated that the concentration and type of anthocyanins sig-
nificantly influence the red coloration of pears [11]. There is a relatively limited number of
red-skinned pear varieties in China, with even fewer cultivars exhibiting bright coloring,
superior quality, and large fruit sizes [12]. Due to their vibrant coloration and diverse
nutritional benefits, red pears have gained immense popularity and tremendous demand
among consumers, thereby boosting the market value of this fruit [13]. According to the
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available literature on fruit germplasm resources, there are records of 652 pear varieties,
only 10% of which comprise red-skinned cultivars, accounting for a total of 89 varieties [14].
However, abiotic and biotic stresses pose significant threats to the synthesis and stability
of anthocyanins in pears, leading to their degradation at any point during plant growth
and development even before harvest. In red pears, high temperatures can substantially
contribute to anthocyanin degradation, which often results in the loss of pre-harvest red-
dening [15]. Thus, it is crucial to explore and investigate various factors that impact the
synthesis and degradation of anthocyanins to better understand the underlying mecha-
nisms and implications for improving the commercial value of red pears.

Anthocyanins possess superior antioxidant activity in comparison to other flavonoids,
owing to the presence of oxygen atoms carrying a positive charge [16]. Wang et al. con-
ducted a comparative analysis of the active components and antioxidant activity in the
juices of four small berries including raspberry, blueberry, lingonberry, and Lonicera cerulea.
The study revealed a positive correlation between the levels of polyphenols, anthocyanins,
SOD (superoxide dismutase), total flavonoids, and the corresponding clearance rates [17].
The biosynthesis of floral pigments initiates from phenylalanine in the cytoplasm and
undergoes sequential hydroxylation, glycosylation, methylation, and acylation modifi-
cations, ultimately leading to their accumulation in vacuoles [18]. This intricate process
is tightly regulated by a combination of structural and regulatory genes. The biosyn-
thesis of flavonoid glycosides, on the other hand, is controlled by several key structural
genes encoding specific enzymes, including CHI (Chalcone Isomerase), CHS (Chalcone
Synthase), F3H (Flavanone 3-Hydroxylase), PAL (Phenylalanine Ammonia Lyase), DFR
(Dihydroflavonol-4-Reductase), ANS (Anthocyanidin Synthase), and UFGT (UDP-glucose:
flavonoid 3-O-glucosyltransferase) [19,20].

To improve the biosynthesis and accumulation of anthocyanins, it is crucial to develop
biotechnologies that are capable of regulating experimental environmental conditions
effectively [21]. In this study, we utilize callus material to investigate the changes in
anthocyanin content in red pear. Notably, tissue culture can be initiated under controlled
conditions, irrespective of seasonal variations [22]. Therefore, we conducted an experiment
with the aim of exploring how different conditions, including varied sugar sources, light
sources, and temperatures, influence anthocyanin synthesis. Our findings can serve as
a theoretical foundation for enhancing the anthocyanin accumulation in red pears, and
hold potential for applications in agricultural production, such as the promotion of fruit
coloration and the genetic variations of fruit color.

2. Materials and Methods
2.1. Different Treatments of Induced Callus Anthocyanins

Mature 90 d ‘Red Zao Su’ red pear, sourced from Chongzhou base of Sichuan Agricul-
tural University, were thoroughly rinsed with running water for two hours. Subsequently,
they were disinfected with 75% ethanol on a culture bench for 30 s, followed by a 20 min
treatment with 2% sodium hypochlorite solution. Finally, the fruits were rinsed three times
with sterile water. Subsequently, the mature ‘Red Zao Su’ red pear pulp was placed in
MS (Murashige and Skoog, 1962) medium containing 1.0 mg·L−1 BA (6-Benzyladenine),
1.0 mg·L−1 2,4-D (2,4-Dichlorophenoxyacetic acid), agar 7.0 g·L−1, pH = 6.0. After 30 d,
the grown callus was cut off and transferred to 1.0 mg·L−1 BA and 0.5 mg·L−1 NAA
(Naphthaleneacetic acid) medium for 3 weeks in dark culture. An amount of 1.0 g of
callus was transferred to MS medium with the same hormone ratios. In the context of
callus culture, the following five treatments were performed, with all treatments using MS
medium supplemented with 7 g·L−1, pH = 6.0, and a light cycle of 16/8 h:

1. Treatment with different sugars (sucrose, glucose, fructose, maltose, mannitol) at a
concentration of 3% in MS medium, under white light conditions at 25 ◦C;

2. Treatment with different concentrations of sucrose (1%, 3%, 5%, 7%, 9%) in MS
medium, under white light conditions at 25 ◦C;
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3. Treatment with different concentrations of MS medium (MS, 1/2MS, 1/3MS, 1/5MS,
0MS) in the presence of 3% sucrose, under white light conditions at 25 ◦C;

4. Treatment with MS medium supplemented with 3% sucrose, under different light
qualities (white, blue at 461 nm, red at 620 nm, and 50% red + 50% blue) at 25 ◦C;

5. Treatment with MS medium supplemented with 3% sucrose, under white light
conditions at different temperatures and lighting conditions (15 ◦C light, 25 ◦C light,
15 ◦C dark, 25 ◦C dark).

The control treatment consisted of MS medium supplemented with 3% sucrose, ex-
posed to white light at 25 ◦C with a light cycle of 16/8 h and an intensity of 2500 Lux.
All callus tissues were sampled on the 15th day of treatment for subsequent analysis of
secondary metabolites and RNA extraction. Each treatment had three biological repetitions
and three technical repetitions. For each repetition, 1g of callus tissue was placed in a single
Petri dish, resulting in a total of nine Petri dishes used for each treatment.

2.2. Determination of the Anthocyanin Content

To prepare the sample for analysis, the fresh red pear callus was pulverized using
liquid nitrogen and a mortar and pestle. Subsequently, 0.1 g of the sample was transferred
to a 1.5 mL centrifuge tube and blended with 1 mL of 0.1 mol·L−1 hydrochloric ethanol
solution. The mixture was incubated in a water bath at 65 ◦C for 30 min, centrifuged
at 12,000× g for 10 min at 4 ◦C, and the supernatant was collected for further use. The
experiment was conducted with three replicates.

The absorbance values of anthocyanin extracts at 530 nm, 620 nm, and 650 nm were
measured, with 0.1 mol ethanolic hydrochloric acid solution used as a blank control. To
accurately calculate the anthocyanin absorbance values, Greey’s formula OD = (OD530 −
OD620) − 0.1 × (OD650 − OD620) was used. The anthocyanin content was then determined
using the following formula: anthocyanin content [µg·g−1(FW)] = OD/ε*V/m*M*103.
Here, OD represents the anthocyanin absorbance value, whereas ε denotes the molar
extinction coefficient of anthocyanin, measured as 4.62 × 104. V represents the total volume
of the extract (mL), m denotes the sample mass (g), and M represents the molar molecular
weight of anthocyanin, measured as 287.24. Lastly, 103 signifies the conversion of the
calculated result into µg [23].

2.3. Determination of Total Phenol and Total Flavonoids

The method by Singleton et al. [24] was used to determine the total phenols. A total
of 200 µL of sample extract was combined with 1.8 mL of distilled water and 0.5 mL of
Folin (Solarbio, Chengdu, China). After allowing the mixture to stand for 5 min at room
temperature, 4 mL of a 15% sodium carbonate solution was added, and the absorbance of
the extract was measured at a wavelength of 765 nm after standing for 1.5 h. The method
by Kim et al. [25] was employed to determine the total flavonoids. An amount of 2 mL of
sample extract was blended into 3.8 mL of distilled water, 0.6 mL of 5% NaNO2 solution,
and 0.6 mL of 10% AlCl3 solution after standing for 5 min at ambient temperature. After
another rest period of 6 min, 3 mL of 1 mol·L−1 NaOH solution was added. After a 15 min
stand at ambient temperature, the absorbance was measured at 510 nm.

2.4. Determination of Antioxidant Activity

This analysis was based on the method by Barreca et al. [26]. To prepare the sample
mixture, 0.1 mL of each extract was combined with 63 µmol·L−1 DPPH and 80% methanol,
and the final volume was adjusted to 4.0 mL. The absorbance was determined at a wave-
length of 517 nm following a 30 min incubation period. By following the method by
Almeida et al. [27], the ABTS solution was prepared by combining 25 mL of 7 mol·L−1

ABTS solution with 440 µL of 140 mol·L−1 potassium persulfate solution. The solution was
allowed to react for 12–16 h. The ABTS solution was subsequently diluted with ethanol
to an absorbency value of 0.7 ± 0.02. A sample volume of 0.1 mol·L−1 was collected, and
4.9 m·L−1 ABTS was mixed with it for 10 min prior to detection at 734 nm. The method by
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Jang et al. [28] was used to conduct the FRAP assay. Specifically, 0.1 mL of callus extract
was mixed with the FRAP reagent and deionized water. After a 30 min incubation period,
the absorbance was measured at 593 nm. Results were compared to a standard curve
generated using a Trolox standard solution.

2.5. RNA Extraction

The RNA extraction was carried out using the modified CTAB method by Chen
et al. [29]. The extracted RNA solution was taken, its concentration and OD value were
determined via protein-nucleic acid assay, and the purity of RNA was judged based on the
ratio of OD260/280 as well as OD260/230. The integrity of RNA was detected via 1.0% agarose
gel electrophoresis.

2.6. Design and Synthesis of the Primers

Based on the cloned gene sequences, a pair of specific quantitative primers (Table 1)
was designed using SnapGene® 1.3.2 software while using the Pyrus bretschneideri Rehd
Actin gene as the internal reference gene, and the primer sequences were sent to Sangong
Biotech (Shanghai, China). ‘Red Zao Su’ is a red bud sport variety derived from ‘Zao Su’
and belongs to the white pear (Pyrus bretschneideri Rehd). Therefore, the genetic sequence
of white pear was utilized.

Table 1. Design of primers for gene quantification.

Target Gene Primer Sequences (5′-3′)

Actin Actin-F: CCATCCAGGCTGTTCTCTC
Actin-R: GCAAGGTCCAGACGAAGG

PbANS PbANS-F: TGGTAAGATTCAAGGCTATGGAAGC
PbANS-R: TCACGCTTGTCCTCTGGGTATAC

PbCHS PbCHS-F: ACCCAACTGTGTGCGAGTAC
PbCHS-R: TGGGTGATTTTGGACTTGGGC

PbCHI PbCHI-F: TCGGAGTGTACTTGGAGGAAAACG
PbCHI-R: TCTCAAACGGACCTGTAACGATG

PbDFR PbDFR-F: CAGGAACTGTGAACGTGGAGG
PbDFR-R: GAGACGAAGTACATCCAACCAGTC

PbF3H PbF3H-F:TCGCTAGAGAGTTCTTTGCTTTGC
PbF3H-R: TTTCACGCCAATCTTGCACAG

PbPAL PbPAL-F: ATCGCTACGCTCTCCGAAC
PbPAL-R: GTGCAAGGCCTTGTTCCTC

PbUFGT PbUFGT-F: ACACTCTCTTCTCGTTCTTCAGC
PbUFGT-R: CATCGTACACCCTTAGGTTAGGC

PbMYB10 PbMYB10-F: CAGGAAGAACAGCGAATGATGTG
PbMYB10-R: GGGCTGAGGTCTTATCACATTGG

2.7. cDNA Compose

The synthesis of the first strand of cDNA was performed according to the TakaRa
PrimeScxipeTM (China, Shanghai) reagent kit with gDNA Erasex (PRT) for PCR instruction
manual. The PCR procedure was as follows: 42 ◦C for 2 min (or 5–30 min at ambient tem-
perature); lower the temperature to 40 ◦C and remove for reverse transcription (operated
on ice).

2.8. Related Gene Expression Determination

In a 0.5 mL thin-walled PCR reaction tube, qPCR reaction solution was added sequen-
tially, gently mixed, transiently centrifuged and then placed in a fluorescence quantification
instrument for amplification. The reaction procedure consisted of pre-denaturation at 94 ◦C
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for 5 min, followed by 35 cycles of denaturation at 94 ◦C for 40 s, annealing at 58 ◦C for
40 s, and extension at 72 ◦C for 1 min. The reaction was completed with a final extension at
72 ◦C for 10 min.

2.9. Statistics and Analysis

Proliferation rate = (final fresh weight-initial fresh weight)/initial fresh weight.
IBM SPSS Statistics 20.0 was used to identify significant differences between treatments

(p < 0.05). Subsequently, the data were processed and graphed using Microsoft Excel
software and Origin 2023.

3. Results
3.1. Effect of Different Sugar Sources on the Callus

The sucrose treatment resulted in the highest anthocyanin content of 52.97 µg·g−1,
followed by glucose and fructose, which induced similar levels of anthocyanin content. The
anthocyanin content induced by the mannitol treatment was the lowest at only 34.80 µg·g−1

(Figure 1a). The sucrose treatment had the most significant impact on the callus proliferation
rate, which was observed to be lower under maltose and mannitol treatments (Figure A1).
The highest total phenol and total flavonoid contents of the callus were recorded under the
sucrose, glucose, and fructose treatments, with no significant differences observed among
them. Conversely, the lowest total phenol and total flavonoid contents were observed under
the maltose and mannitol treatments (Figure 1b,c). In terms of the antioxidant capacity,
the DPPH, ABTS, and FRAP values were highest for the sucrose treatment, followed by
fructose and glucose, and then the mannitol and maltose treatments (Figure 1d–f).

Carbohydrates are known to be the primary drivers of plant metabolism, growth, and
development [30]. Sugar uptake is critical for plant growth and development in tissue
culture [31]. The results of this study are consistent with those of previous findings [32],
demonstrating a strong correlation between all phenolics and antioxidant activity. The
hydroxyl groups of phenolics are known to combat free radicals, making it a valuable
antioxidant [33]. Different sugars have varying roles in anthocyanin biosynthesis, with
sucrose playing the most significant regulatory role [34]. In a study by Kumar et al. [35],
cotton hypocotyls were cultured in different sugar sources, and it was found that the
sucrose and fructose cultures had a high phenolic content in the callus, while maltose
reduced the phenolic content of the callus. Similarly, radish sprouts were also treated with
different types of sugars, and the results show that sucrose treatment resulted in the highest
anthocyanin content, followed by fructose, mannitol, and glucose [36]. Some sugars, such
as sucrose, glucose, or mannitol, were shown to promote anthocyanin accumulation [37].

Through an analysis of the genes involved in anthocyanin synthesis, it was observed
that PAL expression was lower in sucrose, fructose, and glucose compared to mannitol and
maltose. Notably, PAL expression was the highest in the mannitol treatment, being ten
times greater than that observed in the fructose treatment, which showed an opposing trend
to the anthocyanin content (Figure 2a). The expressions of both CHS and DFR were similar,
exhibiting little difference in the sucrose, fructose, and glucose, but both were significantly
higher than the maltose and mannitol treatments (Figure 2b,e). Among all treatments,
fructose exhibited the highest expression of CHI (Figure 2b). Both F3H and ANS displayed
similar trends, with the highest expression observed under sucrose treatment, followed by
glucose and fructose, with the first three treatments being significantly higher than maltose
and mannitol (Figure 2d,f). The expressions of UFGT and MYB10 were the highest under
mannitol treatment, being roughly twice as high as those observed for other treatments
(Figure 2g,h). These results suggest that saccharides may increase anthocyanin levels by
upregulating the expression levels of CHS, F3H, DFR, and ANS. Sugars are known to
regulate the majority of the structural and regulatory genes involved in flavonoid metabolic
pathways, including PAL, CHS, DFR, and UFGT [38]. Dai et al. [39] found that saccharides,
acting as a carbon source, can enhance the accumulation of anthocyanin in cultures by
directly affecting both anthocyanin regulation and the expression of various structural genes
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(such as CHS, CHI, F3H, DFR, LAR, LDOX, and ANR), while simultaneously decreasing
the phenylalanine content.
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3.2. Effect of Different Sucrose Concentrations on the Callus

We chose to use sucrose for our sugar concentration studies because it induced both
anthocyanins and maximized the growth of the callus. An increase in the sucrose concen-
tration led to an increase in anthocyanin content, with the highest anthocyanin content of
75.54 µg·g−1 being achieved with 9% sucrose treatment (Figure 3a). The callus proliferation
rate increased initially and then decreased with the increase in the sucrose concentration,
with the callus proliferation rate reaching its highest value under 5% sucrose treatment
(Figure A2). Similar patterns were observed in the total phenol and total flavonoid contents
as well as the antioxidant indicators, compared to the trends observed for the anthocyanin
levels under different sucrose concentration treatments (Figure 3b–f). Specifically, an in-
crease in the sucrose concentration resulted in a gradual rise in both the total phenol and
total flavonoid contents, as well as in the antioxidant capacity. Sarmadi et al. [40] treated
yew callus with different concentrations of glucose and found that the callus browning
became more severe with an increasing glucose concentration, while the phenols and
flavonoids also increased significantly. An increase in the sucrose concentration also re-
sulted in an increased phenolic content in willow and camptotheca [41,42]. According
to Ram et al. [43], rose callus was found to exhibit a rich reddish hue and a significant
accumulation of anthocyanins when cultured with a sucrose content of 6–7% in the medium.
It was also found that anthocyanins were induced in dandelion callus under 5.5% sucrose
culture [22].

A gradual upregulation in the expression of PAL, CHS, CHI, F3H, DFR, and ANS was
observed with the increasing sucrose concentration (Figure 4a–f). Studies conducted on
plant species such as petunia and chrysanthemum revealed that the expression of relevant
genes was found to be positively correlated with increasing concentrations of sucrose in the
medium [44,45]. It was proposed that sucrose plays a key role in regulating the expression
of biosynthetic genes involved in anthocyanin production, thereby leading to an increase
in the production of these pigments [46]. Studies have demonstrated that the addition of
exogenous sucrose to the growth medium can lead to a marked increase in the transcript
levels of DFR and LDOX genes [47,48].
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3.3. Effect of Different MS Concentrations on the Callus

As depicted in Figure 5a, a decrease in the concentration of MS in the growth medium
resulted in a gradual increase in the anthocyanin content, with the highest level of 86.42 µg·g−1

being achieved in the absence of MS supplementation. The total phenolic content was the
lowest under MS and 1/2 MS treatment, and as the MS concentration decreased, the total
phenolic content gradually increased, with the highest value of 13.79 mg·g−1 observed in
the medium without the addition of MS (Figure 5b). The highest level of total flavonoids
was observed under 0MS treatment, followed by 1/3MS and 1/5MS, and the lowest level
was observed under MS treatment (Figure 5c). Similar trends were observed for the three
indicators of antioxidant capacity (Figure 5d–f). The results indicate that the deficiency
of certain nutrients can stimulate the production of secondary metabolites and enhance
the antioxidant capacity in callus cultures, as evidenced by the data obtained in this study.
Despite the increase in the anthocyanin content achieved through nutrient deficiency, it
was observed that the growth of callus was negatively impacted, as depicted in Figure A3,
indicating the need to find a relatively reasonable concentration to increase anthocyanin
production when nutrient deficiency is used. According to previous studies [49], nutrient
deficiencies, particularly in nitrogen, phosphorus, and sulfur, can cause an accumulation
of anthocyanins as a mechanism to prevent physiological disorders that arise from the
excessive accumulation of carbohydrates in tissues. Furthermore, Landi et al. [50] reported
that anthocyanins play a pivotal role in preventing premature aging in plants that are
subjected to mineral deficiencies like nitrogen or phosphorus deficit. Simões et al. [51]
lowered the MS salt concentration to a quarter, which increased the anthocyanin content
of rose calli. Studies conducted on various plant species, including Arabidopsis, tomato,
tobacco, rose, and grape plants, have demonstrated that a nitrogen deficiency can trigger a
substantial increase in the anthocyanin accumulation [43,52]. At lower concentrations of
growth compounds (NH4NO3 and KNO3), inhibitory effects on anthocyanin production
can be effectively reversed [53]. When there is a nitrogen deficiency, the amount of sugar
used to form amino acids decreases, and more sugars are used to form more anthocyanins,
resulting in a red coloration [54].
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The expressions of PAL, CHS, CHI, and DFR all showed a progressive increase with
the decreasing MS concentration (Figure 6a–c,e), while the expressions of F3H and ANS
were the highest at 1/2MS and 0MS treatment (Figure 6d,f). The expression of UFGT was
the highest at 0MS (Figure 6g), and the other treatments had little effect on UFGT. It was
established that nutrient deficiency is a key factor that can induce significant anthocyanin
accumulation in plants, with the concomitant upregulation of genes being responsible
for anthocyanin synthesis, as reported by Li et al. [55]. In this experiment, the expres-
sions of PAL, CHS, CHI, and DFR showed similar trends to the anthocyanin content.
Huang et al. [56] suggested that PAL is critical in the synthesis of anthocyanins starting
from deamination.
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3.4. Effect of Different Light Qualities on the Callus

Under red-blue light, the callus showed the highest content of anthocyanins at
83.21 µg·g−1, while the lowest content was 43.95 µg·g−1 under white light (Figure 7a). The
callus growth was faster under white and red-blue lights, but slower under red and blue
lights (Figure A4). The total phenolic content was also the highest under red-blue light
and the lowest under white light (Figure 7b). The flavonoid content was the highest under
red-blue light, while the remaining differences in the flavonoid content between red, white,
and blue lights were not significant (Figure 7c). Similar trends were also found in the detec-
tion of antioxidant capacity, as with substances such as anthocyanins (Figure 7d–f). Overall,
a correlation between anthocyanins and total phenols, total flavonoids, and antioxidant
capacity was observed.
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Different wavelengths of light have varying effects on plant growth, and light is
crucial for the formation of anthocyanins in most plants [57]. Several research studies have
suggested that specific light sources have the capacity to directly stimulate the synthesis
of critical secondary metabolites, such as flavonoids, caffeic acid derivatives, artemisinins,
and anthocyanins [58–60]. Fazal et al. [61] reported that in prunella, while yellow light was
found to be the optimal light source for maximum biomass accumulation in leaf explants,
violet light was the most effective for promoting biomass accumulation in petiole explants.
Additionally, blue light was found to be the ideal light condition for inducing the highest
total phenolic content and total flavonoid content in callus growth. Stevia rebaudiana
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exhibited elevated levels of total phenolic content, total flavonoid content, and overall
antioxidant capacity in callus cultures exposed to blue light, whereas green and red lights
enhanced the reducing power (RPA) and DPPH free radical scavenging activity [62]. Blue
and red lights increased the phenolic and flavonoid contents, respectively, in the callus of
Ocimum; blue light increased rosemary acid and eugenol, while citric acid increased under
continuous white light, and anthocyanins increased under red light [63]. Blueberry root
callus exhibited the greatest concentration of anthocyanins when cultivated under red light,
showing approximately a five-fold increase compared to conditions of darkness [64]. Purple
basil demonstrated optimal growth, as well as increased levels of biomass, total phenolic
content, total flavonoid content, and antioxidant activities (DPPH, FRAP, and ABTS) when
exposed to blue light [65]. The application of red-blue light to Dendrobium callus led to an
enhancement in both the dry weight and the levels of secondary metabolites, specifically
phenolic and flavonoid compounds. Conversely, white light exposure stimulated the
production of phenolphthalein [66]. Similarly to our findings, the use of red-blue light had
a beneficial effect on callus growth and the accumulation of secondary metabolites [67].

The expressions of PAL and DFR were lower in the red light treatment than in the
other treatments (Figure 8a,e). Under both red and blue light treatments, the expressions
of ANS and CHI were comparatively lower than the other two treatments (Figure 8c,f).
Nevertheless, the red light treatment resulted in an increased expression of MYB10 and
CHS (Figure 8b,h). Conversely, both the blue and white light treatments notably decreased
the expression of CHS and MYB10 compared to the other treatments (Figure 8b,h). On the
other hand, the white light treatment led to the lowest expression of F3H, whereas the blue
light treatment enhanced the expression of F3H. These findings suggest that the signaling
pathways involved in anthocyanin regulation may vary between blue light and white light
conditions (Figure 8d). Under the combined influence of red-blue light, PAL, CHS, CHI,
ANS, UFGT, and MYB10 exhibited the highest levels of expression, confirming the positive
effect of red-blue light on anthocyanin content promotion. In kiwifruit, it was observed
that the presence of red light led to a reduction in the anthocyanin content, along with
the inhibition of key genes involved in anthocyanin synthesis, including CHS, DFR, ANS,
UFGT, and CRY. On the other hand, blue light effectively increased the accumulation of
anthocyanin in callus cultures and resulted in enhanced expression levels of genes such as
CHS, F3H, DFR, CHI, UFGT, CRY, and F3′H [68]. In eggplant, the exposure to white light
containing UV light resulted in an increase in the anthocyanin levels, CHS, and DFR [69].
Similarly, blue light was observed to elevate the expression levels of MYB, DFR, ANS, and
UFGT genes in purple pepper [70]. It is worth noting that different plant species exhibit
varying pathways induced by different light qualities. For instance, in lettuce, the genes
CHI, F3H, DFR, and ANS are also induced by red-blue light [67].

3.5. Effect of Different Temperatures on Callus under Light

The light treatment at 15 ◦C exhibited the highest anthocyanin content, while the
differences in the dark treatments at 25 ◦C and 15 ◦C were not significant but significantly
lower than the light treatment (Figure 9a). The dark treatment at 25 ◦C resulted in the
highest rate of callus proliferation, which was significantly higher than the rate under
the light treatment. However, the growth amount was inhibited by the low temperature
(Figure A5). The 15 ◦C light treatment showed the highest total phenolic content, whereas
the lowest content was observed in the dark 25 ◦C treatment (Figure 9b). There was no
significant difference in the flavonoid content between the dark treatments at 25 ◦C and
15 ◦C, while the light treatment at 15 ◦C exhibited a higher flavonoid content than the
light treatment at 25 ◦C (Figure 9c). The antioxidant capacity indicators demonstrated
similar trends to that of anthocyanins, total phenols, and total flavonoids (Figure 9d–f).
Based on these findings, it can be concluded that light effectively increases the content of
secondary metabolites in callus, and a low temperature also contributes to the increase in
the secondary metabolite content.
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According to Simões et al. [51], the optimal temperature for anthocyanin production
in rose callus was found to be 24 ± 2 ◦C, as higher temperatures led to the browning of the
callus. Grass coral callus demonstrated the fastest growth at temperatures within the range
of 23–28 ◦C, while severe damage occurred at both 15 ◦C and 32 ◦C. The highest production
of flavonoids was observed at 26 ◦C [71]. In potato callus culture, the anthocyanin content
was lower at 4 ◦C compared to 25 ◦C, indicating that low temperatures negatively affected
callus growth [72]. Optimal temperatures for anthocyanin biosynthesis in carrot callus
cultures were determined to be 30 ◦C (in solid medium) and 25 ◦C (in liquid medium) [73].
Light exerts a crucial influence on primary and secondary metabolism, as well as various
developmental processes in plants [74]. It is a pivotal physical factor, and the quality
of light significantly impacts photosynthesis and morphogenesis, ultimately modulating
plant growth and development [75]. Temperature also plays a vital role in influencing
the secondary metabolism yield, and specific temperature requirements must be carefully
regulated at different stages of plant tissue culture based on the specific needs of the
cultivated tissues [76].

Light increased the expression of PAL and UFGT (Figure 10a,g), whereas the CHS, CHI,
F3H, and DFR expression levels were all higher at 15 ◦C than at 25 ◦C under the treatment
(Figure 10b–e). The expressions of ANS, UFGT, and MYB10 were highest in light at 15 ◦C,
while in light at 25 ◦C and in the dark at 15 ◦C, the expressions of ANS and MYB10 did not
differ much but were still higher than in the dark at 25 ◦C (Figure 10f–h). The synergistic
effect of light and a low temperature may lead to the upregulation of these genes, which,
in turn, regulates anthocyanin synthesis. Previous studies have demonstrated that higher
temperatures lead to the downregulation of anthocyanin biosynthesis genes, including
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CHS, DFR, LDOX, UFGT, and MYB10. This downregulation is consistent with the increased
expression of genes such as MYB15 [77]. In apple callus cultures, the interplay of light and
temperature was observed. It was noted that under light conditions, low temperatures
(16 ◦C) led to the upregulation of regulatory and structural genes, including CHI, F3H,
CHS, DFR, UFGT, and MYB10. On the other hand, high temperatures (32 ◦C) induced the
expression of MYB16, which had a detrimental impact on anthocyanin biosynthesis [76].
Previous studies have shown that the exposure to low temperatures can significantly
stimulate the expression of CHS in Arabidopsis and in red orange [78,79]. Similarly,
African chrysanthemums exhibited higher levels of CHS, F3H, and ANS expression at all
developmental stages when subjected to a temperature of 6 ◦C compared to 22 ◦C [80].
These findings collectively emphasize the beneficial role of light and low temperature in
regulating the production of anthocyanins.
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3.6. Correlation Analysis of Different Treatments

From Table 2, it can be observed that there is a positive correlation among antho-
cyanins, total phenols, total flavonoids, and antioxidant index in all treatments. In some
treatments, the positive correlation is even statistically significant. This indicates that
despite the variations in the experimental conditions, the regulatory mechanisms and
interactions among these substances remain relatively consistent. Interestingly, the treat-

134



Agronomy 2023, 13, 2032

ments with different sugar sources showed a strong positive correlation between the callus
accumulation rate and anthocyanin production. However, most of the other treatments
exhibited negative correlations. This suggests that, in most cases, as the anthocyanin con-
tent increases, the growth rate of the callus tissue decreases. Moreover, genes involved
in anthocyanin synthesis exhibited different correlations under various conditions. In
the treatments with different sugar sources, it was found that CHS, F3H, DFR, and ANS
showed a significant positive correlation with the anthocyanin content. In the treatments
with different sugar concentrations, PAL, CHS, CHI, F3H, DFR, and ANS were significantly
correlated with the anthocyanin content. However, in the treatments with different MS
medium concentrations, only PAL showed a significant positive correlation. Under differ-
ent light qualities, only F3H exhibited a positive correlation with the anthocyanin content.
Similarly, in the treatments with different temperature and lighting conditions, only UFGT
showed a significant positive correlation. These results indicate that a wide range of genes
or regulatory pathways are involved in influencing anthocyanin synthesis. Different factors
may utilize different genes to regulate this process, which warrants further investigation.
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4. Conclusions

Plants serve as a significant source of secondary metabolites, which possess diverse
roles in human welfare, including therapeutic implications. However, the yield of secondary
metabolites obtained from natural populations of plants is insufficient to meet commer-
cial demands due to their limited accumulation [81]. Various in vitro culture techniques,
including callus, hairy root, shoot, and suspension cultures, can be utilized to enhance
the biosynthesis of specific metabolites in commercially important plants [82]. Among
these techniques, callus culture is regarded as a promising approach for the biosynthesis of
bioactive compounds in endangered species of most medicinal plants [83]. The secondary
metabolites derived from Dendrobium officinale exhibit pharmacological efficacy in al-
leviating acute alcoholic liver injury [84]. The secondary metabolites of plants, such as
terpenoids, lignans, polyphenols, phenolic acids, alkaloids, lactones, and flavonoids, exhibit
anti-HBV activity. These natural anti-HBV products can be considered as potential lead
compounds or candidate drugs [85]. Fruit trees typically have a prolonged growth cycle,
which, combined with the arduous and time-intensive process of inducing their metabolites
and validating their gene functions, can present a substantial challenge. Nonetheless, tissue
culture presents a viable solution to address this problem, offering a more efficient and
effective means of analysis. The present study aims to establish an efficient approach
for boosting the production of anthocyanins in the callus of pear fruit by subjecting it to
various treatments. The results demonstrate that the composition and concentration of
sugar, MS content, light quality, and temperature have a significant impact on the syn-
thesis of secondary metabolites, including anthocyanins in red pear callus. Importantly,
these phenolics were found to be closely associated with antioxidant capacity. Further, the
analysis of genes related to anthocyanin synthesis was carried out, unveiling the intrinsic
factors influencing the process under varying conditions. Overall, these findings provide a
roadmap for natural anthocyanin production in red pear fruit, along with their potential
applications in agricultural production, such as the promotion of fruit color and genetic
variation studies in fruit color.
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Abstract: Nanotechnology is a rapidly growing field of science and technology that deals with the
development of new solutions by understanding and controlling matter at the nanoscale. Since
the last decade, magnesium oxide nanoparticles (MgO-NPs) have gained tremendous attention
because of their unique characteristics and diverse applications in materials sciences and because
they are non-toxic and relatively cheaply available materials. MgO-NPs can improve plant growth
and contribute to plant tolerance of heavy metal toxicity. The effects of MgO-NPs on cowpea
(Vigna unguiculata L. Walp.) plants were surveyed under in vitro conditions to find the optimum
combination for cowpea tissue culture. The MgO-NPs used in the study were synthesized using
walnut shell extract by the green synthesis method. MgO nanoparticles with 35–40 nm size was used
in this research. When the size distribution of the MgO-NPs’ structure was examined, two peaks with
37.8 nm and 78.8 nm dimensions were obtained. The zeta potential of MgO-NPs dispersed in water
was measured around −13.3 mV on average. The results showed that different doses of MgO-NPs
applied to cowpea plant on all in vitro parameters significantly affected all measured parameters of
cowpea plantlets under in vitro condition in a positive way. The best results in morphogenesis were
MS medium supplemented with high MgO-NP applications (555 mg/L), resulting in a 25% increase
in callus formation. The addition of Mg-NPs in the induction medium at concentrations at 370 mg/L
increased shoot multiplication. The highest root length with 1.575 cm was obtained in MS medium
containing 370 mg/L MgO. This study found that MgO-NPs greatly influenced the plantlets’ growth
parameters and other measured traits; in addition, our results indicate that the efficiency of tissue
culture of cowpea could be improved by increased application of MgO in the form of nanoparticles.
In conclusion, the present work highlights the possibility of using MgO-NPs in cowpea tissue culture.

Keywords: MgO-NPs; nano fertilizer; cowpea feed; regeneration
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1. Introduction

Nanotechnology, which is a multidisciplinary science, uses nano-sized materials [1],
which are defined as substances smaller than 100 nanometers in size, and controls them at
the atomic level and makes them useful [2]. Nanotechnology covers many different fields,
including pesticide distribution, nano sensors, pesticide degradation, use of micronutrients
in agriculture, and plant protection and nutrition [3]. Nanotechnology offers effective
methods to protect soil health and conditions by helping to minimize agricultural waste
and environmental pollution [4,5]; therefore, it can greatly improve the functioning of
precision agriculture [6]. Nanotechnology is useful in the agricultural sector, in the form
of nano-pesticides and nano-fertilizers [7]. Among various methods of NP synthesis, the
plant tract-mediated method is preferred due to its cost-effective nature [8]. MgO-NPs have
applications in various fields and have earlier been synthesized using plant extract [9].

Magnesium plays an important role in plant growth and development, serves as a
component of the chlorophyll molecules, and regulates the activity of key photosynthetic
enzymes in the chloroplast [10]. Magnesium is a macronutrient that activates more enzymes
than other nutrients [11] and has structural and regulatory functions related to nucleophilic
ligands in plants [10,12]. It is one of the essential elements in the function and synthesis of
nucleic acids and ATP [13]. Magnesium deficiency suppresses plant growth and decreases
yield [14]. Magnesium oxide is an important inorganic material with a wide band range [15].
This material is used in many applications, such as catalysis, catalyst supports, toxic waste
reclamation, refractory materials and adsorbents, additives in heavy fuel oils, reflective
and anti-reflective coatings, substrate such as superconducting and ferroelectric thin films,
superconductors, and lithium-ion batteries [16,17]. Nano MgO, on the other hand, has
many special physical and chemical properties brought about by its nano size. With its size,
nanoparticles can be used more by plant cells, induce plant growth, and have antimicrobial,
antifungal, and antiviral effects against pests [18]. The small size of nanoparticles allows
them to penetrate into the plant cell. Hence, we assessed the impact of MgO-NPs on the
legume, cowpea plant.

Cowpea (Vigna unguiculata L. Walp.) is a very common annual plant, especially in
Africa, South America, Asia, and the United States, and is one of the most important
legumes worldwide [19]. It is a good pre-plant that has the ability to grow in poor soils and
increases the yield of the next product with the help of nitrogen fixation [20,21]. Cowpea,
which is considered as a green vegetable and dry grain in human nutrition and as a fodder
in animal nutrition, belongs to the legume family and contains 2.0–4.3% protein in fresh
beans and 4.5–5.0% in fresh grains. Protein content in dry cowpea grains that have reached
maturity varies between 20.42 and 34.60%, depending on the variety and environmental
conditions. In addition, its grains contain rich source of essential amino acids, except
cysteine and methionine [22]. The protein in its seeds is rich in Lysine and Tryptophan
amino acids compared to cereal seeds, and is insufficient in terms of Methionine and
Cystine compared to animal proteins [23].

Nanoparticles, due to their special physical and chemical properties, may lead to un-
predictable changes in the morphological characteristics of the plant [24]. The synthesized
nanomaterials may provide protection that is effective in controlling pests and pathogens
that significantly affect the yield of the plant [25]. Toxic effects of NPs for plants and
animals have been reported, but there is no report documented until now that showed the
harmful effects of NPs on tissue culture plants [26]. There have been many studies on the
use of NPs in plant tissue culture systems [26–29]. Wide applications of NPs in plant tissue
culture include the elimination of microbial contaminants from explants, callus induction,
organogenesis, somatic embryogenesis, somaclonal variation, genetic transformation, and
secondary metabolite development. Compounds can be developed by integrating the
concept of nanotechnology into plant tissue culture techniques, synthesis, purification, and
desired plant-derived yield [30]. There is limited information available in the literature
regarding the effect of NPs on in vitro regeneration characters on cowpea plant, which
has a great importance in human and animal nutrition. Therefore, the aim of this study
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is to determine the possible effects of callus formation on morphogenesis and plant re-
generation by applying different doses of MgO-NPs of cowpea plant under plant tissue
culture condition.

2. Materials and Methods
2.1. Synthesis of Mg Nanoparticles (MgO-NPs)

MgO-NPs were synthesized using walnut shell extract. The walnut shell extraction
used for green synthesis was prepared with distilled water, and for this purpose, 25 g
walnut shells were washed and crushed using the freeze–thaw technique in liquid nitro-
gen; 250 mL of distilled water was added and mixed in a magnetic stirrer for 1–2 h. The
extract was obtained by first filtering through cheesecloth and then filter paper, before
being kept at −25 ◦C until use. An amount of 0.1 M Mg (NO3)2 solution was actively
used for conversation of MgO in plants. The formation of the synthesis was followed
qualitatively and quantitatively by UV-Vis spectrophotometer (Epoch). After the method
optimization, the obtained NPs were characterized. For this purpose, different morpho-
logical and molecular detection methods, such as scanning electron microscopy (SEM;
Zeiss Sigma 300), Fourier-transform infrared spectroscopy (FT-IR; VERTEX 70 v FT-IR
Spectrometer, Billerica, MA, USA), and X-ray diffraction (XRD; Malvern Panalytical B.V.,
Almelo, The Netherlands), were used. The obtained MgO-NPs were washed under vacuum
using distilled water and ethanol and were used in the reaction after drying in an oven. In
the application range, after MgO-NPs were weighed and homogenized in pure water with
the help of an ultrasonicator, they were used in plant in vitro experiments [31,32].

2.2. Plant Material

The cowpea cultivar, registered as “Ulkem”, used in this study was obtained from
Ondokuz Mayıs University and is usually used for forage purposes. Forage cowpea seeds
were washed with tap water and surface-sterilized with 70% ethanol for 5 min, treated for
25 min with solution containing 1% sodium hypochlorite with a few drops of Tween 20
with constant stirring, and rinsed three times with sterile distilled water thereafter. The
seeds were imbibed in sterile water for 24 h in the dark. Plumula parts were aseptically
dissected and used as explants in the experiment.

2.3. Tissue Culture Applications

MS medium, mineral salts, and vitamins [33] were used in the experiments. Mag-
nesium and MgO-NPs in MS medium were exchanged with different concentrations. In
the experiment, there were 5 treatments with different magnesium content: 0 mg/L (MS
medium without MgSO4.7H2O and MgO-NPs), MgSO4.7H2O, which is used commonly
in MS medium 370 mg/L as macronutrient elements, and three treatment with removed
MgSO4.7H2O from the MS medium and replaced with a nanoparticle version of these
elements: 1/2X (185 mg/L MgO-NPs), 1X (370 mg/L MgO-NPs), 2X (555 mg/L MgO-NPs)
concentrations. Plumules were cultured on MS medium containing MgO-NPs previously
prepared. The explants were kept in the dark at 24 ± 1 ◦C. In shoot regeneration medium
(MS salt and vitamins + 1.0 mg/L BAP) containing different Mg types and concentrations,
explant were kept for 8 weeks, and they were then placed in root formation medium (MS
salt and vitamins + 0.5 mg/L BAP) containing different MgO-NPs types and concentrations
and kept under white fluorescent light (Preheat Daylight-42 µmol photons m−2s−1) for
4 weeks at 24 ± 1 ◦C in a 16-h light photo period. Morphogenesis and callus formation
measurements were made after 30 days. The shoot formation rate, number of shoots, num-
ber of shoots per explant, shoot length, root formation rate, number of roots per explant,
and root length were calculated after 60 days. This study was carried out in a complete
randomized experimental design arrangement with four replications. Each petri dish was
considered as an experimental unit, and 10 cowpea plumula were cultured in each petri
dish. Analysis of variance and Duncan multiple comparison tests were computed with
SPSS statistical analysis program (Version 20).
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3. Results
3.1. Surface Morphological Characterization of MgO-NPs

Surface characterization of MgO-NPs was performed using SEM, FT-IR, and XRD
analyzes, and the results are given in Figure 1. SEM analysis determined that the MgO-
NPs obtained by green synthesis were well dispersed and cubic (Figure 1A), while the
peaks at 39.2◦ (111), 62.53◦ (220), 77.8◦ (311), and 81.7◦ (222) 2θ◦ in the XRD graph in
Figure 1B belong to Mg (OH)2. FT-IR analysis is an effective technique used to identify
possible peaks of MgO-NPs and extract used for the reduction of metal. FT-IR analysis
of MgO-NPs obtained by green synthesis is given in Figure 1C. As seen from the FT-IR
diagram, the wavelength between 400 and 4000 cm−1 was scanned. From the findings,
it was determined that intense absorption peaks occurred at 3699, 3351, 2293, 1600, 1354,
1014, 763, and 519 cm−1. While the peak observed at 3699 cm−1 belongs to the -OH band,
the wide peak band observed at 3351 cm−1 indicates the presence of -NH2 and -OH groups
in the medium. The peaks seen around 1600 cm−1 indicate the presence of peaks defined
as the primary amine group (N-H) overlapping with the amide and carboxylate group.
The peak at 1354 cm–1 is matched with the Mg-OH group, while all bands between 400
and 736 confirm the presence of MgO-NPs. The size of MgO-NPs was determined to be
35–40 nm as a result of measurements and calculations. The obtained spectrum showed
that the walnut shell extract had a high ability to reduce and stabilize MgO-NPs.

When the size distribution of the MgO NPs structure was examined, two peaks with
37.8 nm and 78.8 nm dimensions were obtained. These peaks showed that the MgO NP
structure did not have much agglomeration, but there was a small amount of agglomeration.
However, the structure was smaller than 100 nm, and the findings support the SEM image
(Figure 2A). The zeta potential analysis is an important indicator of the surface charges of
chemical compounds. The zeta potential of MgO NPs dispersed in water was measured
around −13.3 mV on average. It shows a negative potential value (Figure 2B). The negative
value obtained is due to the oxygen atoms in the MgO structure (10.1002/cbdv.201900608
(13 June 2023)).
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Figure 1. (A) SEM image of MgO-NPs synthesized by walnut shell extract. (B) XRD pattern of MgO
nanoparticles. (C) The FT-IR spectrum of green synthesized MgO-NPs using walnut shell extract.
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Figure 2. (A) Size distribution of MgO NPs. (B) Zeta potential analysis of MgO-NPs using walnut
shell extract.

3.2. Morphogenesis

The averages of the characters determined by the treatments of different concentrations
of MgO-NPs to the cowpea and the related variance analysis results are given in Table 1. In
this study, morphogenesis basically refers to any changes in the explant, such as elongation,
contraction, color, and structure changes, during the course of in vitro culture, except for
the formation of callus, shoots, roots, or whole plants.

It has been observed that different MgO-NP applications have significant effects on
morphogenesis (p < 0.01). These changes began to be observed after the first week of culture
initiation. While the average number of explants showing morphogenesis was 9.25 from the
original 10 explants at control (MS medium without MgO-NPs) and MS medium containing
370 mg/L MgO applications, this number was increased in Mg-NP applications (185 mg/L,
370 mg/L and 555 mg/L MgO-NPs). A significant 8.11% increase (p < 0.05) in the number
of morphogenesis was observed in MS medium containing 185 mg/L, 370 mg/L, and
555 mg/L MgO-NP applications compared to the control. Morphological changes such as
tissue growth and tissue swelling were observed in the cultured cowpea explants (Figure 3).
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3.3. Callus Formation

It has been observed that different MgO-NP applications have significant effects on
callus formation. Under the present experimental conditions, where 10 explants were
originally started, the average callus formation depending on the MgO-NPs varied be-
tween 8 and 10. Callus formation reached the highest value with 10 in the application of
MS medium containing 555 mg/L MgO-NPs, and this value was statistically significant
from the control plants. This application was followed by 9.5 in MS medium containing
370 mg/L MgO-NPs and 9 in MS medium containing 370 mg/L MgSO4.7H2O applications.
Different Mg treatments significantly increased callus formation compared to control. The
highest increase was observed with 25% in MS medium supplemented with 555 mg/L
MgO-NP application, followed by 18.75% with MS medium including 370 mg/L MgO-NPs,
12.50% in MS medium comprising 370 mg/L MgSO4.7H2O and 6.25% in MS medium
comprising185 mg/L MgO-NP applications (Table 1).

3.4. Shoot Formation

Different MgO (with or without NPs) treatments led to significant differences in shoot
formation (p < 0.01). According to the effect of different doses of magnesium NPs applied
to the cowpea, shoot formation rates varied between 20.83% and 37.50%. The highest value
in shoot formation rate was obtained from MS medium containing 555 mg/L MgO-NP
application with 82.50%, and the lowest value was obtained from MS medium containing
185 mg/L MgO-NP application with 30%. Shoot formation rate was 60% from the control
application, 42.50% from the MS medium containing 370 mg/L MgSO4.7H2O application,
and 72.50% from the MS medium containing 370 mg/L MgO-NP application (Table 1).

3.5. Number of Shoots

The highest number of shoots was obtained from MS medium containing 370 mg/L
MgO-NP application (61.25), followed by 36.25 in MS medium containing 555 mg/L MgO-
NP application. Control and 370 mg/L MgSO4.7H2O applications gave the same shoot
number value as 21.75, while MS medium containing 185 mg/L MgO-NP application gave
the lowest value with 3.75, but this did not differ significantly from the control (Table 1).

3.6. Number of Shoots per Explant

The mean values of the number of shoots per explant determined in the cowpea at
different doses varied between 1.25 and 17.50. In terms of applications, the highest number
of shoots per explant (17.50) was obtained from the application of MS medium comprising
370 mg/L MgO-NPs, and this value was statistically higher than that found in the control
treatment (6.5). The lowest value (1.25) was obtained from the MS medium comprising
185 mg/L MgO-NP application. The number of shoots per explant obtained from other
applications in our study was determined as 6.75 in the MS medium comprising 370 mg/L
MgSO4.7H2O application and 10 in the 555 mg/L MgO-NPs, but they were not statistically
different from the control value (Table 1).

3.7. Shoot Length

In terms of shoot length, different MgO applications created significant differences.
The longest shoot length was 2.07 cm in the MS medium containing 370 mg/L MgO-NP
application, and the shortest shoot was 0.175 cm in the MS medium containing 185 mg/L
MgO-NP application. MS medium supplemented with 370 mg/L MgO-NP application
was followed by MS medium comprising 555 mg/L MgO-NPs (1.450 cm), MS medium
comprising 370 mg/L MgSO4.7H2O (1.200 cm), and control (0.475 cm) applications. Except
for the MS medium comprising 185 mg/L MgO-NP application, the other MS medium
comprising 370 mg/L MgSO4.7H2O, MS medium comprising 370 mg/L MgO-NPs, and
MS medium comprising 555 mg/L MgO-NP applications showed an increasing effect
compared to the control. The highest increase was obtained from the administration of MS
medium supplemented with 370 mg/L MgO-NPs, with 336.84% (Table 1).
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3.8. Root Formation Rate

Different Mg applications had significant effects on root formation rate. The average
root formation rate of the applied magnesium NPs varied between 10 and 27.5%. In
terms of root formation rate, the highest value among magnesium NPs was obtained from
control and MS medium containing 370 mg/L MgSO4.7H2O applications with 27.50%;
this application was followed by 22.50% in MS medium containing 370 mg/L MgO-NP
application and 19.75% with MS medium containing 185 mg/L MgO-NP applications.
The lowest value of 10% was obtained in MS medium containing 555 mg/L MgO-NP
application. The highest value was recorded in the application of MS medium containing
555 mg/L MgO-NPs, with a 63.64% decrease in the variation of magnesium NPs compared
to the control (Table 1).

3.9. Number of Roots per Explant

Different MgO-NP applications had significant effects in terms of root number per
explant. The maximum number of roots per explant determined in cowpea was obtained as
6.75 in the application of MS medium containing 370 mg/L MgO-NPs; this application was
followed by 2.75 in the control application. The applied magnesium nanoparticles at differ-
ent doses caused significant reductions compared to the control, which was statistically
significant at 185 mg/L MgO-NPs (Table 1).

3.10. Root Length

According to the analysis of variance, root length was significantly affected by certain
MgO-NP applications (Table 1). It was determined that the root length values obtained from
the cowpea with different doses of magnesium NPs varied between 0.015 cm (MS medium
supplementary with 185 mg/L MgO-NPS) and 157.50 cm (MS medium supplementary
with 370 mg/L MgO-NPS). These extreme values were significant from the control; the
other treatments used in this experiment were not (Table 1).

4. Discussion

NPs have begun to be used extensively in plant tissue culture studies. It is known that
the kind, type, concentration, and size of NPs can be effective in studies conducted within
the scope of plant tissue culture. The present study clearly showed the beneficial effects of
MgO-NPs on the in vitro parameters of cowpea. In this study, MgO-NPs were synthesized
using walnut shell extract by the green synthesis method. The size of MgO nanoparticles
was determined to be 35–40 nm as a result of measurements and calculations. SEM analysis
determined that the MgO-NPs obtained by green synthesis were well dispersed and cubic.
The diffraction peaks are points that represent cubic MgO-NPs at 42.76◦ (200)2θ and
62.6◦ (220)2θ [34]. FT-IR analysis is an effective technique used to identify possible peaks of
MgO-NPs and the extract used for the reduction of metal. As seen from the FT-IR diagram,
the wavelength between 400 and 4000 cm−1 was scanned. Similar findings were found in
the literature in the FT-IR analyzes of MgO-NPs obtained using some plant extracts, and
they support our study [35–41].

Morphological changes such as tissue growth and tissue swelling were observed in the
cultured cowpea explants. Our findings showed that positive effects of MgO-NPs on callus
induction, shoot regeneration, and explant growth were observed. The results showed
that the highest value of callus formation was obtained in MS medium containing with
555 mg/L MgO-NPs. Our result showed that NPs not only overcome negative effects but
also improve callus formation. It seems that MgO-NPs may play a role similar to plant
hormones such as cytokinins and gibberellins owing to their ability to induce plant cell
division and stimulate cellular expansion; however, the mechanism of its action in darkness
is still unknown. A similar finding was obtained by Mandeh et al. [27]. Several studies
have shown positive effects of NPs on callus induction. Different concentrations of silver
or gold NPs alone or combined with naphthalene acetic acid (NAA) were evaluated for
callus culture growth in Prunella vulgaris L. The silver (30 µg L−1), silver and gold (1:2),
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and silver and gold (2:1) NPs in combination with NAA (2.0 mg L−1) enhanced callus
proliferation (100%) as compared to the control (95%) [42]. The number and size of calli
increased when barley mature embryos were grown in MS medium supplemented with
20 mg L−1 2,4-D and 60 mg mL−1 TiO2-NPs [27].

The explants were cultured on shoot multiplication medium supplemented with MS
medium supplementary with 370 mg/L Mg-NPs. These media were optimum for the
formation and development of shoot. Our result clearly showed that 370 mg/L Mg-NPs
had a stimulation effect on the growth of shoot parameters, whiles 185 mg/L decreased NS
and NSE and the 555 mg/L Mg-NPs concentrations induced an inhibitory effect. One reason
for this may be that Mg-NPs block ethylene signaling and trigger shoot growth. Similar
results have been found with AgNPs in banana plants by Do et al. [43]. Sharma et al. [44]
also reported that AgNPs increased plant growth processes such as shoot and root lengths,
area of the leaf, and biochemical parameters, such as carbohydrate and protein contents of
common bean and corn.

The explants were also cultured on rooting medium supplemented with MS medium
supplementary with 370 mg/L MgSO4.7H2O. These media were optimum for the formation
and development of roots. Our result suggested that 370 mg/L MgSO4.7H2O had a
stimulation effect on the growth of root parameters, while the application of NPs induced
an inhibitory effect for root formation, especially in higher concentrations of NPs; this is
very clear and obvious. These results are in agreement with earlier findings. For example,
Helaly et al. [45] reported that root lengths were increased when Zn and nano ZnO-NPs
were added to the MS medium. Zhang et al. [46] stated that copper nanoparticles inhibit
primary root elongation and enhance lateral root emergence. Auxins, especially indole-
3-acetic acid (IAA), have an important role in root development in plants. Regulation of
auxin levels in different cells of the root is involved in many root functions, including
growth, lateral root elongation, and root hair formation. There is a sharp toxicity threshold
because at higher doses the toxic effects of ion exposure are manifest, with such responses
as root shortening [47]. The reduction in elongation in cowpea roots exposed to high
doses of Mg-NPs may possibly be related to the abnormal distribution of auxin. These
results are in conflict with those obtained in barley [27]. However, this is not surprising
given that nanoparticles can explain their effects depending on the size and/or shape of
the particles, the concentrations applied, the particular experimental conditions, plant
species, and uptake mechanisms [48]. Sotoodehnia-Korani [49] emphasized the belief that
nanomaterials such as MgO-NPs have the ability to improve the efficiency of tissue cultures
in vitro and boost agricultural yield.

5. Conclusions

The effects of various metal and metal oxide NPs on plants are well documented
in vivo. Such NPs can be used to promote or enhance the morphogenetic potential of
explants obtained from different plant species. NPs have been used widely in plant tissue
culture studies. The influence of different concentrations and combinations of NPs on
different media (shoot induction, shoot propagation, and rooting media) should also be
investigated to gain a clear understanding of the underlying mechanisms behind the role of
NPs in plant tissue culture. Given the potential for future research, it is vital to understand
the role of MgO-NPs in callogenesis performance, micropropagation, and cell culture
elicitation. The MgO-NPs used in the study were synthesized using walnut shell extract
by green synthesis method. When the size distribution of the MgO-NPs structure was
examined, two peaks with 37.8 nm and 78.8 nm dimensions were obtained. The zeta
potential of MgO-NPs dispersed in water was measured at approximately −13.3 mV on
average. The present study provides the first evidence of Mg-NPs effects on the in vitro
culture of cowpea, showing the possibility of using MgO-NPs in cowpea tissue culture.
The results showed that different doses of MgO-NPs applied to cowpea plants on all
in vitro parameters significantly affected all measured parameters of cowpea plantlets
under in vitro condition in a positive way. The best results in morphogenesis were MS
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medium supplemented with 555 mg/L MgO-NP applications, resulting in a 25% increase in
callus formation. The addition of Mg-NPs in the induction medium at concentrations of 370
mg/L increased shoot multiplication. The highest root length with 1.575 cm was obtained
in MS medium containing 370 mg/L MgO. However, for a clear understanding of the
mechanisms underlying the role of MgO-NPs in cowpea tissue culture, it is recommended
to investigate in detail the actual mechanisms of the promoting or inhibitory effects of
MgO-NPs on each parameter.
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Abstract: In this study, we identified and determined the content of phenolic compounds in Lilium
candidum adventitious bulbs formed in vitro. HPLC analysis revealed the presence of four phenolic
acids: chlorogenic, caffeic, p-coumaric, and ferulic acid. Phenolic acid content was assessed in ad-
ventitious bulbs formed in vitro on media supplemented with zinc oxide nanoparticles (ZnO NPs
at 25, 50, and 75 mg/L) under fluorescent light (FL) or in darkness (D). The second experiment
analyzed the effects of light-emitting diodes (LEDs) of variable light spectra on the formation of
adventitious bulbs and their contents of phenolic acids. Spectral compositions of red (R; 100%), blue
(B; 100%), red and blue (RB; 70% and 30%, respectively), a mix of RB and green (RBG) in equal
proportions (50%), and white light (WLED, 33.3% warm, neutral, and cool light, proportionately)
were used in the study. FL and D conditions were used as controls for light spectra. Bulbs grown in
soil served as control samples. The most abundant phenolic acid was p-coumaric acid. Treatment
with LED light spectra, i.e., RB, RBG, WLED, and B, translated into the highest p-coumaric acid
concentration as compared with other treatments. Moreover, all the bulbs formed in light, includ-
ing those grown on the media supplemented with ZnO NPs and under FL light, contained more
p-coumaric acid than the bulbscales of the control bulbs grown in soil. On the other hand, control
bulbs grown in soil accumulated about two to three times higher amounts of chlorogenic acid than
those formed in vitro. We also found that the levels of all examined phenolics decreased under FL,
R, and D conditions, while the bulblets formed in vitro under RB light showed the highest phenolic
content. The use of ZnO NPs increased the content of p-coumaric, chlorogenic, and caffeic acid in the
bulblets formed under FL as compared with those grown in darkness.

Keywords: adventitious bulbs; phenolic acids; HPLC

1. Introduction

Lilium candidum L., commonly known as Madonna lily or white lily, is a bulb geophyte
that occurs naturally in Mediterranean countries. The species produces pure white flowers
with a strong and pleasant scent [1]. Flower and bulb extracts of Madonna lily have been
used in folk medicine to treat ulcers, wounds, burns, and muscle pains [2–4]. These proper-
ties have been confirmed in studies on burn treatment [5]; moreover, previous experiments
have also demonstrated anti-inflammatory, antioxidant, anticancer, antidiabetic, and hep-
atoprotective properties of these extracts [3,4]. These properties, as well as the significant
ornamental potential of Madonna lily, have contributed to the spread of its cultivation in
many countries. They have also encouraged the species’ harvest in its natural sites, which
leads to the depletion of the environment [1]. Moreover, the generative multiplication rate
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of L. candidum is low, due to which the species was taken under protection in the countries
of its natural occurrence [6].

Little information is available in the literature on the micropropagation of Madonna
lily [6–15]. Available studies mainly concern the elimination of contaminations that occur
during in vitro culture initiation [9,10,12], the selection of mother plant explant [7,11,14], and
growth regulators used during organogenesis [8,15]. Our previous work [6] investigated
the effects of LED light on adventitious organogenesis in L. candidum. The use of LED
lighting has numerous energy-saving advantages. Moreover, LED lamps allow for the
use of light of a specific wavelength so that experiments can be conducted under strictly
controlled conditions [16–18]. LED light spectrum quality was demonstrated to affect the
direction and performance of organogenesis and metabolite production in in vitro cultures
of white lily [6] and other species of this genus [19,20].

One of the methods of influencing plant metabolism is the use of elicitors, and nanopar-
ticles (NPs) can serve this purpose [21]. Elicitors stimulate biosynthetic pathways of
compounds responsible for defense against stress associated with pathogen and pest at-
tacks [22–24]. Nanoparticles are defined as materials with a size range between 1 and
100 nm. Because of their physical and chemical characteristics in the nanoscale, NPs show
properties different from the bulk material [21]. Living organisms may react differently
to NPs than to their bulk counterparts [25]. Zinc (Zn) is involved in numerous enzymatic
reactions and physiological processes, which makes it an essential micronutrient [26]. This
element is a component of enzymes, and it is involved in the synthesis of chlorophyll, pro-
teins, carbohydrates, and nucleic acids, as well as the metabolism of these compounds [27].
Zinc oxide nanoparticles (ZnO NPs) have the form of a white, inorganic powder and can
be chemically synthesized or obtained from plant extracts [28–31]. NPs can be used as a
fertilizer [32], and they also exhibit antibacterial and antifungal properties [30,33,34]. To
date, only a few studies have reported on the use of ZnO NPs in in vitro cultures [35–42],
and some researchers have used ZnO NPs in ex vitro conditions [43,44].

Phenolic compounds are a widespread group of compounds found in living organisms,
mainly in plants. Altogether, more than 8000 of these compounds have been distinguished,
which greatly vary in their chemical structure. All phenols share a common feature, which
is the presence of at least one aromatic ring with one hydroxyl group. Among the most
important phenolic compounds are phenolic acids that contain a single phenyl group in
their structure substituted by one carboxylic group and at least one hydroxy group [45].
In plants, phenols play a crucial role in the regulation of their growth and development,
with antioxidant, protective, signaling, and structural functions [46]. In in vitro cultures,
phenolic content has been demonstrated to be highly dependent on species, organ, and
culture conditions, including light [47–49].

Chlorogenic acid is a phenolic compound commonly detected in plant tissues, and
it is also an important component of the human diet [50]. To date, its presence has been
demonstrated in numerous traditionally used medicinal plants [51]. Human consumption
of foods containing chlorogenic acid may have health benefits related to its antioxidant
properties [50]. This compound can also act as a free radical scavenger. Moreover, it
shows a wide array of other functions, inter alia, and acts antivirally, antimicrobially, and
antipyretically; it is a cardio- and hepatoprotective chemical, as well as a stimulator of
the central nervous system [52]. It has been demonstrated to be effective against fungal
pathogens of plants [53] and insect herbivores [54].

Caffeic acid is also widespread in the plant kingdom and is therefore often found in
food and medicinal products of plant origin [55]. This compound has anticancer [56,57],
antioxidant, and antibacterial properties [58], as well as the potential to prevent the devel-
opment of cardiovascular diseases [59]. Studies have shown that caffeic acid exhibits even
greater antioxidant potential in many lipid systems in combination with other phenolic
acids, such as chlorogenic acid [55].

Another phenolic acid widely distributed in plants is p-coumaric acid, which occurs
either in free form or conjugated with other chemicals, such as amines, alcohols, lignin,
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and mono- and oligosaccharides. Conjugates of p-coumaric acid exhibit particularly wide
biological activity and are the subject of intense study. Moreover, they occur in plants
in higher concentration than the free form of the compound [60]. Its antioxidant [61,62],
antibacterial [63,64], anticancer [65–67], wound-healing [68,69], and skin discoloration
leveling [70] effects have also been proven.

Ferulic acid occurs in numerous plant species used in traditional medicine and in veg-
etables and fruits used for food. The compound is rarely found in its free form, but it forms
conjugates with other chemicals [71–73]. It has been shown to have antioxidant [72,74],
anti-inflammatory [75,76], anticancer [77], and antidiabetic [78] effects. Ferulic acid is
easily assimilated and remains in the blood longer than other compounds with antioxidant
activity [72]. Because of its negligible toxicity and strong antioxidant properties, ferulic
acid is approved as a food and cosmetic additive [71], and as it exhibits protective effects
on the skin (i.e., inhibits melanin production and accelerates wound healing), it is used in
cosmetics, including sunscreens [74].

Our study aimed to identify phenolic compounds in L. candidum adventitious bulbs
formed in vitro. We also assessed the effect of ZnO NPs added to the culture media on the
content of phenolic acids in adventitious bulbs of L. candidum formed under either dark
or light conditions. Our second experiment analyzed the effects of different LED light
spectra used during bulb formation on phenolic acid content in the bulbs and the intensity
of adventitious organogenesis.

2. Materials and Methods
2.1. Plant Material

Adventitious bulbs of L. candidum L. from the in vitro collection of the Department of
Ornamental Plants and Garden Art, University of Agriculture in Kraków, were used as the
experimental material. The cultures were formed on bulbscales of lilies grown in the field
collection. The in vitro-formed adventitious bulbs were stored at 4 ◦C for 12 months. Bulbs
with 11 to 12 individual bulbscales were used as explants.

2.2. Experimental Conditions

Individual bulbscales were placed on Petri dishes with Murashige and Skoog (MS) [79]
medium containing 3% sucrose, pH 5.7, solidified with 0.5% BioAgar (BIOCORP,
Warszawa, Poland).

In the first experiment, ZnO NPs (≤40 nm average particle size) (Sigma-Aldrich,
St. Louis, MO, USA) suspended in distilled water were added to the medium at three
concentrations: 25 mg/L (Zn25), 50 mg/L (Zn50), and 75 mg/L (Zn75). The nanoparticles
were added before sterilization of the medium. To disperse the NPs, they were placed in a
Sonic 3 ultrasonic stirrer (Polsonic, Poland) for one hour. The cultures were maintained
either under florescent light (FL Zn) (OSRAM LUMILUX Cool White L 36W/840) or in
darkness (D Zn). A total of six factor combinations were tested: D Zn25 and FL Zn25, D
Zn50 and FL Zn50, and D Zn75 and FL Zn75.

In the second experiment, the medium did not contain ZnO NPs. The cultures were
maintained under six combinations of LED light quality (i.e., different wavelengths) [80]:
100% red at 670 nm (R); 100% blue at 430 nm (B); a mix of 70% red and 30% blue (RB);
50% RB and 50% green at 528 nm (RBG); 33.3% warm white (2700 K), 33.3% neutral white
(4500 K), and 33.3% cool white (5700 K) (WLED); as well as fluorescent lamp light (FL) and
darkness (D). A total of seven combinations were tested in this experiment.

The cultures were maintained in a culture room at 23/21 ◦C (day/night), 80% relative
humidity, and 16 h photoperiod (16 h day/8 h night).

2.3. Data Collection

After eight weeks of culture, biometric observations of the formed bulbs and roots (i.e.,
number of bulbs, bulb diameter, bulb weight, and number of roots) were performed. The
phenolic compound content was analyzed in the obtained bulblets. For each combination,
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three weighed amounts of three grams each were prepared. The material was then frozen at
−80 ◦C until further analyses. Next, the material was lyophilized (Freezone 4.5, Labconco,
Kansas City, MO, USA). From the lyophilized material, weighed amounts of one gram each
were prepared and homogenized in an agate mortar and extracted with methanol in an
ultrasonic bath at 49 kHz (Sonic-2, Polsonic, Warszawa, Poland). The obtained extracts
were evaporated. The whole procedure was carried out a total of four times. The resulting
filtrate was left to evaporate at room temperature to obtain dry extracts. The dry extracts
were washed with an appropriate amount of HPLC-grade methanol. The samples were
brought to final volumes, then filtered through syringe filters (Millex, Millipore Corporation,
Burlington, MA, USA) into HPLC vials. Bulbscales obtained from plants growing in soil in
the university collection served as control samples.

2.4. High-Performance Liquid Chromatography Analysis (HPLC) of Phenolic Compounds

Determination of phenolic compounds was carried out by RP-HPLC using an HPLC
VWR Hitachi-Merck instrument with an L2200 autosampler, an L-2130 pump, an RP-
18e LiChrospher column (4 mm × 250 mm, 5 µm) thermostated at 25 ◦C, an L-2350
column oven, and an L-2455 diode array detector operating in the UV wavelength range
of 200–400 nm. The mobile phase consisted of solvent A (a mixture of methanol and
0.5% acetic acid solution by volume (1:4)) and solvent B (methanol). The gradient was
as follows: 100:0 for 0–25 min, 70:30 for 35 min, 50:50 for 45 min, 0:100 for 50–55 min,
and 100:0 for 57–67 min. Comparison of UV spectra and retention times with standard
compounds enabled identification of phenolic compounds present in the analytical samples.
Quantitative analysis of free phenolic acids was carried out using a calibration curve,
assuming a linear relationship of the area under the curve to the concentration of the
standard. Results were expressed in mg/100 g dry weight (dw).

2.5. Statistical Analysis

All the study findings were analyzed statistically (ANOVA) using Statistica 13.3 software
(StatSoft, TIBCO Software Inc., Palo Alto, CA, USA). A post hoc multiple range Duncan
test was used. Significantly different means were separated at p ≤ 0.05.

3. Results and Discussion
3.1. Adventitious Bulblet and Root Formation

The experiment yielded correctly formed bulblets and adventitious roots (Figure 1).
The organs differed in their size and greenness, depending on the factor combinations.
The bulblets obtained under red LED (R) (Figure 1g) and in darkness (D and D Zn)
(Figure 1d,e,h) were white due to their low chlorophyll content, as confirmed by liter-
ature data [6,81–86].

ZnO NP medium concentration above 25 mg/L inhibited the formation of adventitious
bulbs. It was also the only concentration that allowed for obtaining more than two bulblets,
both in the light and in the dark (Table 1). Chamani et al. [35] obtained the greatest
number of Lilium ledebourii bulblets from a culture maintained under a fluorescent lamp
on a medium supplemented with 50 mg/L ZnO NPs, but higher concentrations of NPs
decreased the regeneration efficiency.

In the second experiment, individual explants maintained under the analyzed light
combinations yielded 1.3 to 2.2 bulblets. The greatest number of bulblets was formed under
blue (B), red–blue (RB), and white LED light (WLED) (Table 2). These findings are similar
to those from our previous study [6].

The diameter of all the resulting bulblets was greater than 4 mm. The largest bulblets
(above 5 mm) were formed on Zn50 medium under fluorescent light (Table 1). Bulblets
of this size were also formed on the bulbscales placed on ZnO NPs-free medium under
RBG light (Table 2), which confirmed our previous results [6]. The mixture of red and
blue (RB) light increased the bulblet weight, which was even two times greater than that
under the remaining light combinations. The bulblets produced under RBG light were
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also characterized by considerable weight (Table 2). Under fluorescent light, increasing
concentrations of ZnO NPs in the medium enhanced the bulblet weight from 0.10 to 0.22 g.
Such a trend was not observed in the dark (Table 1). Mosavat et al. [36] reported improved
callus growth in species of the Thymus genus at higher concentrations of ZnO NPs in the
culture medium. In contrast, in a study by Garcia-Lopez et al. [87], the dry weight of Cap-
sicum annuum seedlings germinated ex vitro did not depend on the applied concentration
of ZnO NPs. Nanoparticles may lower plant biomass due to their phytotoxicity [88]. This
happened in our study in the cultures maintained in the light.
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Figure 1. Adventitious organogenesis on Lilium candidum bulbscales in vitro depending on elicitation
factor: on medium suplemented with zinc oxide nanoparticles (ZnO NP) (Zinc oxide nanoparticle
clicitation): in darkness with (d) 25 (D Zn25); (e) 75 mg/L (D Zn75) and under fluorescent lamp
with (a) 25 (Fl Zn25); (b) 50 (Fl Zn50); (c) 75 mg/L (Fl Zn75). Under different light quality in vitro
(Light elicitation): (h) darkness (D); (j) fluorescent lamp (Fl); under LED light (%): (f) 100 blue (B);
(g) 100 red (R); (k) 35 R + 15 B + 50 green (RBG) and (i) white: 33.3 warm, 33.3 neutral + 33.3 cool (Wled).
Bar = 1 cm.
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Table 1. Adventitious organogenesis on bulbscales of Lilium candidum under different light and zinc
oxide nanoparticle treatments in vitro.

Culture Condition Bulblets per
Regenerating Bulbsacale Bulblet Diameter (mm) Bulblet Weight (g) Root per Bulblet

D a 1.70 ± 0.1 a–c b 4.21 ± 0.3 a 0.14 ± 0.0 ab 0.92 ± 0.1 ab
FL 1.97 ± 0.1 bc 4.23 ± 0.3 a 0.14 ± 0.0 ab 0.59 ± 0.1 a

D Zn25 2.07 ± 0.2 c 4.29 ± 0.2 a 0.22 ± 0.0 c 0.60 ± 0.1 a
D Zn50 1.33 ± 0.1 a 4.26 ± 0.3 a 0.18 ± 0.0 bc 0.84 ± 0.1 ab
D Zn75 1.59 ± 0.1 ab 4.32 ± 0.2 a 0.20 ± 0.0 c 0.91 ± 0.1 ab
FL Zn25 2.01 ± 0.1 c 4.18 ± 0.3 a 0.10 ± 0.0 a 0.51 ± 0.1 a
FL Zn50 1.74 ± 0.1 bc 5.28 ± 0.4 a 0.19 ± 0.0 bc 1.02 ± 0.2 b
FL Zn75 1.78 ± 0.2 bc 4.68 ± 0.4 a 0.22 ± 0.0 c 0.88 ± 0.1 ab

Source of variation
Culture condition *** n.s. *** n.s.

Significant effect: *** p ≤ 0.001; n.s. not significant. a Culture in darkness (D) and under fluorescent lamp (FL)
on medium supplemented with: 25 mg/L (D Zn25 and FL Zn25); 50 mg/L (D Zn50 and FL Zn50) and 75 mg/L
(D Zn75 and FL Zn75) zinc oxide nanoparticles. b Means ± standard deviations within a column followed by the
same letter are not significantly different according to Duncan’s multiple range test at p ≤ 0.05.

Table 2. Adventitious organogenesis on bulbscales of Lilium candidum under different light quality
conditions in vitro.

Light Bulblets per Regenerating Bulbsacale Bulblet Diameter (mm) Bulblet Weight (g) Root per Bulblet

D a 1.70 ± 0.1 ab b 4.21 ± 0.3 a 0.14 ± 0.0 ab 0.92 ± 0.1 bc
FL 1.97 ± 0.1 bc 4.23 ± 0.3 a 0.14 ± 0.0 ab 0.59 ± 0.1 ab
R 1.34 ± 0.1 a 4.20 ± 0.4 a 0.16 ± 0.0 bc 0.81 ± 0.1 bc
B 2.17 ± 0.1 bc 4.06 ± 0.2 a 0.11 ± 0.0 a 0.39 ± 0.1 a

RB 2.14 ± 0.2 bc 4.63 ± 0.3 a 0.24 ± 0.0 d 0.98 ± 0.1 c
RBG 1.99 ± 0.1 bc 5.71 ± 0.2 b 0.19 ± 0.0 c 0.89 ± 0.1 bc

WLED 2.34 ± 0.3 c 4.20 ± 0.2 a 0.11 ± 0.0 a 0.67 ± 0.1 a-c

Source of variation
Light *** *** *** ***

Significant effect: *** p ≤ 0.001; n.s. not significant. a Darkness (D); fluorescent lamp (FL); LED lights
(%): 100 red (R); 100 blue (B); 70 red + 30 blue (RB); 35 R + 15 B + 50 green (RBG) and white: 33.3 warm,
33.3 neutral + 33.3 cool (WLED). b Means ± standard deviations within a column followed by the same letter are
not significantly different according to Duncan’s multiple range test at p ≤ 0.05.

We found that increasing concentrations of ZnO NPs were associated with a tendency
to form more numerous adventitious roots (Table 1). A greater number of roots, along with
increasing concentration of ZnO NPs in the medium, was also reported in the cultures
of Phoenix dactylifera [42]. Lilium ledebourii produced the longest roots in the medium
supplemented with 50 mg/L ZnO NPs, but higher concentrations of NPs inhibited root
growth [35]. The effect of Zn on root development may be associated with its role in the
biosynthesis of tryptophan, which is an indispensable component in the biosynthesis of
IAA responsible for adventitious root formation [89].

The bulblets formed in our second experiment under the light of different quality also
produced adventitious roots, and their number was the highest under RB, RBG, and R light
and in the dark (D) (Table 2), which again confirmed our previous results [6].

3.2. Identification of Phenolic Acids in the Bulblets

Chromatographic analysis revealed the peaks typical of four phenolic acids: chloro-
genic, caffeic, p-coumaric, and ferulic acid. Example chromatograms are shown in Figure 2.

3.3. Effect of Zinc Oxide Nanoparticles on Phenolic Acid Content

Chlorogenic, caffeic, p-coumaric, and ferulic acids were detected in the adventitious
bulblets maintained on the media containing ZnO NPs. One of the acids, namely p-coumaric
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acid, occurred at the highest concentrations, usually exceeding 15 mg/100 g dw (except for
Zn combination in the dark) (Figure 3a).
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Figure 2. HPLC chromatographic separation of phenolic acids from Lilium candidum L. bulblets
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(b) under a fluorescent lamp.

The content of p-coumaric acid was about two times higher (19.92 to 25.14 mg/100 g dw)
in the bulblets formed in the light than in the dark, and the presence of 50 mg/L ZnO NPs
promoted its accumulation under both conditions (D Zn50 and FL Zn50). The concentration
of p-coumaric acid in the bulbscales of the control bulbs growing in soil reached about
15 mg/100 g dw (Figure 3a).

The content of chlorogenic acid in the bulblets formed on the media supplemented
with ZnO NPs was the lowest in the dark, but the highest concentration of NPs (D Zn75)
increased its accumulation up to 1.35 mg/100 g dw. A similar response was observed
in the bulblets formed in the light, where the content of this acid was the highest for the
FL Zn75 variant among all bulblets grown in vitro (Figure 4a) but three times lower than
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in the bulbscales of the control bulbs (C) that contained 6.22 mg/100 g dw chlorogenic
acid (Figure 4a).
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the bulblets formed in the light, where the content of this acid was the highest for the FL 
Zn75 variant among all bulblets grown in vitro (Figure 4a) but three times lower than in 
the bulbscales of the control bulbs (C) that contained 6.22 mg/100 g dw chlorogenic acid 
(Figure 4a). 

Figure 3. p-Coumaric acid content in Lilium candidum L. bulblets in vitro: (a) on medium with
different concentration of zinc oxide nanoparticles: 25 mg/L (D Zn25 and FL Zn25); 50 mg/L
(D Zn50 and FL Zn50) and 75 mg/L (D Zn75 and FL Zn75) in the darkness (D) and under fluorescent
lamp (FL) and (b) under different light quality: in the darkness (D); under fluorescence lamp (FL);
under LED light (%): 100 red of 670 nm (R); 100 blue of 430 nm (B); mix of 70 red and 30 blue (RB);
50 RB and 50 green of 528 nm (RBG); 33.3 warm white (2700 K), 33.3 neutral white (4500 K), and
33.3 cool white (5700 K) (WLED). Data are presented as means ± standard deviations. Different
letters indicate significant differences between values according to Duncan’s multiple range test at
p ≤ 0.05. Statistical analysis was performed for each experiment separately.

The highest concentrations of caffeic acid (2.74–2.78 mg/100 g dw) were found in the
bulblets formed in the light, and they were independent of ZnO NP content in the medium.
The bulblets grown in the dark accumulated two times less caffeic acid, and its content
dropped with increasing concentration of ZnO NPs. The control bulbs growing in the field
had an average content of this acid at a level of 2.3 mg/100 g dw (Figure 4b).

The content of ferulic acid in the bulblets grown in vitro was four times lower than that
in the control bulbs, where it reached 8.43 mg/100 g dw. No differences were found between
the cultures maintained in the dark and in the light. For all investigated combinations, the
content of ferulic acid was similar (1.64–2.09 mg/100 g dw), except for FL Zn50, where it
reached 3.33 mg/100 g dw (Figure 4c).

Statistical analysis examining the influence of light conditions (D, FL) and the presence
of ZnO NPs in the medium (regardless of their concentration) revealed that the bulbs
formed in the light on the medium with nanoparticles usually had the highest content
of the investigated acids. The addition of NPs to the cultures carried out in the dark
(D Zn) had an inhibitory effect on the synthesis of phenolic acids. For example, the content
of p-coumaric acid was two times lower in the bulblets treated with NPs and growing in
the dark, while in those growing under a fluorescent lamp (FL Zn), it increased by 30% as
compared with the control. For chlorogenic acid, the most significant drop was found in
the bulblets formed in the dark (D Zn), and for caffeic acid, the most significant change was
a rise in its content in the bulblets grown in the light and in the presence of NPs (FL Zn).
Ferulic acid was the only acid whose concentration was the highest in the bulblets formed in
the dark (D) as compared with those grown under FL. Medium supplementation with ZnO
NPs did not affect its content in the bulblets formed in the dark (D Zn), while those grown
under FL (FL Zn) were the most abundant in ferulic acid (2.33 mg/100 g dw) (Table 3).
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Duncan’s multiple range test at p ≤ 0.05. Statistical analysis was performed for each experiment 
separately. 

Figure 4. Chlorogenic acid, caffeic acid, and ferulic acid contents in Lilium candidum L. bulblets
in vitro: (a–c) on medium with different concentrations of zinc oxide nanoparticles: 25 mg/L (D
Zn25 and FL Zn25); 50 mg/L (D Zn50 and FL Zn50) and 75 mg/L (D Zn75 and FL Zn75) in the
darkness (D) and under fluorescent lamp (FL) and (d–f) under different light quality: in the darkness
(D); under fluorescence lamp (FL); under LED light (%): 100 red of 670 nm (R); 100 blue of 430 nm
(B); mix of 70 red and 30 blue (RB); 50 RB and 50 green of 528 nm (RBG); 33.3 warm white (2700 K),
33.3 neutral white (4500 K), and 33.3 cool white (5700 K) (WLED). Data are presented as
means ± standard deviations. Different letters indicate significant differences between values
according to Duncan’s multiple range test at p ≤ 0.05. Statistical analysis was performed for each
experiment separately.
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Table 3. Phenolic acid contents (mg/100 g dw) in Lilium candidum bulblets depending on light and
the presence of zinc oxide nanoparticles, regardless of the concentration of nanoparticles.

Culture Condition Chlorogenic Acid Caffeic Acid p-Coumaric Acid Ferulic Acid

D a 1.79 ± 0.1 b b 1.31 ± 0.0 a 15.40 ± 0.2 b 1.98 ± 0.0 ab
FL 1.67 ± 0.2 b 1.70 ± 0.1 b 16.85 ± 0.1 b 1.44 ± 0.0 a

D Zn 0.99 ± 0.3 a 1.25 ± 0.1 a 6.82 ± 1.4 a 1.88 ± 0.2 ab
FL Zn 1.75 ± 0.2 b 2.77 ± 0.1 c 22.19 ± 2.3 c 2.33 ± 0.8 b

Source of variation
Culture condition *** n.s. *** n.s.

Significant effect: *** p ≤ 0.001; n.s. not significant. a Culture in darkness (D) and under fluorescent lamp (FL) on
medium without zinc oxide nanoparticles and in darkness (D Zn) and under fluorescent lamp (FL Zn) on medium
supplemented with zinc oxide nanoparticles. b Means ± standard deviations within a column followed by the
same letter are not significantly different according to Duncan’s multiple range test at p ≤ 0.05.

The literature lacks data on the analysis of phenolic acids investigated in this work,
typical for tissues formed in the presence of nanoparticles. The available information
focuses solely on total content of phenols. Callus cultures of Fagonia indica showed increased
total phenolic content following elicitation with iron-doped zinc oxide nanoparticles. This
increase depended on the concentration of the nanoparticles and the duration of the
culture [90]. The content of thymol and carvacrol in Thymus tissues rose a few times as
compared with the control after application of ZnO NPs at 150 mg/L [36].

The effect of the application of ZnO NPs on the concentration of phenolic compounds
ex vitro depended on plant species. For example, in the cultures of Brassica nigra [91]
and Solanum tuberosum [92], ZnO NPs enhanced total phenolic content. In contrast,
their contents in Capsicum annuum seedlings generally dropped in the presence of ZnO
NPs, except for radicle, where they were clearly boosted [87]. While the effect of Zn
NPs on plant physiology and biochemistry has been proven, their influence on secondary
metabolism [93], especially of phenolic compounds, is still unclear [94].

3.4. Effect of LED Light on Phenolic Acid Content

The second experiment revealed that fluorescent light (FL), red LED light (R), and
darkness (D) decreased the content of four of the investigated phenolic acids in the bulblets
formed on the media not supplemented with ZnO NPs (Figures 3b and 4d–f). Similarly,
as on the media supplemented with ZnO NPs, the most abundant phenolic acid was
p-coumaric acid. The bulblets formed under RB light had the highest content of p-coumaric
acid (38.73 mg/100 g dw). Its concentration was lower in the bulblets exposed to RBG and
WLED, followed by B light. The bulblets subjected to the other combinations featured a
lower content of p-coumaric acid, which was least abundant in the dark, where its content
matched that of the control bulbs from field cultivation (Figure 3b).

The highest content of chlorogenic acid was found in the bulblets growing under RB
LED (4.35 mg/100 g dw), but it was still lower than that in the control bulbs (by about
two units). This acid was also abundant in the bulblets exposed to B and RBG light, but its
content under red LED light (R) was almost three times lower (1.16 mg/100 g dw), which
was the lowest result of all tested combinations (Figure 4d). Chen et al. [95] also reported
on variable content of chlorogenic acid in the tissues of Peucedanum japonicum exposed
to LED light of different quality. In this species, the content of chlorogenic acid was the
highest in the plants acclimatized to ex vitro conditions (it was also 17 times higher than
in the herbal raw material). The callus grown in vitro under a mixture of blue, red, and
far-red LED light also featured high (three times higher than in the raw herbal material)
content of chlorogenic acid.

The highest content of caffeic acid, also in comparison with control bulbscales of the
field-cultivated bulbs, was detected in the bulblets formed under RB (3.14 mg/100 g dw),
B (3.05 mg/100 g dw), and WLED light (2.51 mg/100 g dw). In the bulblets exposed to
R light, the content of caffeic acid was below 1 mg/100 g dw (Figure 4e). The tissues of
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Protea cynaroides exposed to a fluorescent lamp accumulated nearly two times more caffeic
acid (15.9 mg/g) than those exposed to LED light. Red and blue light triggered similar
accumulation of this acid (8.4–8.0 mg/g), and a mixture of red and blue LED light slightly
increased the acid content (9.0 mg/g) [96]. There are no literature data on the effects of LED
light on the content of individual phenolic acids, but there is information on its effect on
the accumulation of total phenolics. Many researchers have observed the inhibiting effect
of red light and the stimulating effect of blue light on the synthesis of phenolics [97–99].
This was also reported in our previous paper in L. candidum [6].

Our experiment revealed high contents (7.80 mg/100 g dw) of ferulic acid in the
bulblets maintained under RB LED light. This value was only by 0.6 mg/100 g dw lower
than that in the control bulbs (C). Values half as high as that in the control were achieved
under blue (B) and white LED light (WLED), as well as when the spectrum also contained
green light (RBG). The lowest content of ferulic acid (below 1.5 mg/100 g dw) was detected
under the fluorescent lamp (FL) (Figure 4f). Wu and Lin [96] reported the highest content of
this acid (9.7 mg/g) in the tissues of P. cynaroides exposed to fluorescent light. Ferulic acid
concentration was lower under blue light (8.2 mg/g) and a mixture of red and blue LED
light (8.7 mg/g) and the lowest under red light (7.4 mg/g). This confirmed a previously
described relationship between total content of phenolics and the presence of blue and
red light. The addition of blue light to the spectrum increases the content of phenolic
metabolites, which is in accordance with literature data [100–104]. One should, however,
keep in mind that the response to different stimuli, including light, is strongly species-
dependent, even in in vitro cultures [105]. Photoreceptors and auxin-responsive factors
indirectly affect gene expression and cellular responses, but the exact mechanisms have not
been fully explained yet [106].

4. Conclusions

The bulblets of Lilium candidum formed during adventitious organogenesis contained
the following phenolic acids: p-coumaric, chlorogenic, caffeic, and ferulic acid. Their
contents depended on the concentration of ZnO NPs in the medium and the light quality
during bulblet formation. p-Coumaric acid was the most abundant acid, especially in the
samples exposed to LED light (RB, RBG, WLED, and B), and on the media without ZnO
NPs. All bulbs formed in the light, including those maintained on the media supplemented
with ZnO NPs, contained more p-coumaric acid than the bulbscales of control bulbs grown
in soil.

The control bulbs always accumulated about two to three times higher amounts
of chlorogenic acid than the bulblets formed in vitro. The bulblets exposed to R light
accumulated the highest amounts of this acid, although 30% lower than in the control.

We found that FL, R, and darkness decreased the levels of all examined phenolics, the
contents of which were the highest in the bulblets formed in vitro under RB light.

The use of ZnO NPs increased the contents of p-coumaric, chlorogenic, and caffeic
acid in the bulblets formed under FL as compared with those grown in darkness.

The reported presence of phenolic acids in the bulblets confirmed the medicinal
properties of Lilium candidum and the use of this species described in folk medicine sources.
Moreover, the compounds we investigated act synergistically with each other, which makes
Madonna lily a valuable object of future research. The methods of in vitro elicitation
described in this work yield natural compounds of chemical and microbiological purity
that can be produced with high efficiency.
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Abbreviations

B: 100% blue LED light; D: darkness; D Zn: culture medium supplemented with zinc
oxide nanoparticles in darkness; D Zn25: culture medium supplemented with 25 mg/L zinc
oxide nanoparticles in darkness; D Zn50: culture medium supplemented with
50 mg/L zinc oxide nanoparticles in darkness; D Zn75: culture medium supplemented with
75 mg/L zinc oxide nanoparticles in darkness; FL: fluorescent lamp; FL Zn: culture medium
supplemented with zinc oxide nanoparticles under fluorescent lamp; FL Zn25: culture
medium supplemented with 25 mg/L zinc oxide nanoparticles under fluorescent lamp; FL
Zn50: culture medium supplemented with 50 mg/L zinc oxide nanoparticles under fluo-
rescent lamp; FL Zn75: culture medium supplemented with 75 mg/L zinc oxide nanopar-
ticles under fluorescent lamp; g dw: gram of dry weight; LED: light-emitting diode; MS:
Murashige and Skoog culture medium; R: 100% red LED; RB: 70% red + 30% blue LED; RBG:
35% red + 15% blue + 50% green LED; WLED: 33.3% warm + 33.3% neutral + 33.3% cool
white LED.
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