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plants

Editorial

Plant Tissue Culture and Secondary Metabolites Production

Kalina Danova 1,* and Laura Pistelli 2,*

1 Institute of Organic Chemistry with Centre of Phytochemistry, Bulgarian Academy of Sciences,
Acad. Georgi Bonchev Str., bl.9, 1113 Sofia, Bulgaria

2 Department of Agriculture, Food and Environment, University of Pisa, Via del Borghetto 80, 56124 Pisa, Italy
* Correspondence: k_danova@abv.bg (K.D.); laura.pistelli@unipi.it (L.P.)

Plants have developed a complex biochemical system for interacting and coping
with dynamic environmental challenges throughout their whole life. Plant secondary
metabolites are specifically produced and accumulated in low quantities in response to
numerous factors such as bacteria, viruses, fungi, nematodes, insects and herbivores, as
well as to climatic factors and seasonal fluctuations, soil and water parameters, etc.

To optimize secondary metabolites production, plants have fine-tuned early signal sys-
tems for differentiating general mechanical damage from an attack by an insect/herbivore,
for example. In addition, plants distinguish the degree of damage caused by herbivore
feeding guilds, insect oral secretions, oviposition fluids, etc. The consecutive steps of
the production of the respective defense secondary metabolites is mediated by cellular
messengers and events such as metabolic changes, gene activation, jasmonic acid (JA)
accumulation, kinase cascades, hydrogen peroxide production, cytosolic calcium ion fluxes,
as well as membrane potential changes [1] and references cited therein.

The key role of secondary metabolites for plant survival also underline the phar-
macological roles that these substances play in mammalian organisms and hence their
applicability in veterinarian and humanitarian medicinal practices.

Plant cell tissue and organ cultures are based on the “totipotency” of the plant cell
and its capability to regenerate up to a whole integral organism. The technique allows
for the cultivation of separate cells, tissues, differentiated organs, or integral plants in a
growth medium in sterile conditions and out of the indigenous natural environment of the
plants. The contemporary development of the method has nowadays led to its routine use
as a supplementary to conventional plant breeding for an array of applications such as the
rapid and disease-free micropropagation of plantlets, independent of seasonal, climatic,
and geographic factors; the rapid testing and practical introduction of new cultivars using
conventional or genetic engineering selection approaches. An important and rapidly
developing field of the application of plant biotechnology is its use for the yield of plant
secondary metabolites, allowing for the standardization of the levels of the secondary
metabolites produced due to the capability of tissue culture techniques to optimize culture
conditions and obtain the desired environment for the production of the target compounds.

Considering the importance of plant secondary metabolites and the high relevance of
the establishment of scientifically based approaches for their biotechnological production,
we are pleased to present this Special Issue of Plants dedicated to “Plant Tissue Culture and
Secondary Metabolites Production”. The present collection aims to provide readers with
up-to-date research dedicated to the scientific accomplishments in the production of plant
secondary metabolites of different chemical types through the development of plant cells,
tissues, and organs in diverse in vitro culture systems.

We have received seven scientific research papers on tissue culture development and
secondary metabolite production of medicinal and aromatic plants of different regions of
the world.
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Ramabulana et al. [2] established that the exogenous application of auxin (2,4-dichlorop
henoxyacetic acid—2,4-D) and cytokinin (benzylaminopurine, BAP) could induce the ma-
nipulation of the metabolome of the callus culture of Bidens pilosa L. (Asteraceae), dominated
by chlorogenic acids consisting of caffeoyl and feruloyl derivatives of quinic acid. Xan-
thones production in differentiated shoot cultures of the endangered Gentianella lutescens
(Gentianeceae) was evaluated for the first time by Krstić-Milošević et al. [3] in an exper-
iment focusing on the modification of the concentration of sucrose, sorbitol, and abiotic
elicitors salicylic acid (SA), jasmonic acid (JA), and methyl jasmonate (MeJA). Wojtania
and Mieszczakowska-Frąc [4] proposed an efficient biotechnological method to produce
anthocyanins-rich planting material for selected genotypes of the Polish Culinary rhubarb
‘Malinowy’ cultivar. In a carrot (Daucus carota, Apiaceae) callus culture experimental design
of a combination of the components of the Gamborg [5] and Murashige and Skoog [6]
culture media, Oleszkiewicz et al. [7] established that the N concentration and the NO3:NH4
ratio affected carotenoid accumulation. In this work, changes to the medium other than
N, such as microelements, vitamins, growth regulators, and sucrose, had no effect on
callus growth and carotenoid accumulation. Mamdouh et al. [8] developed an in vitro
protocol for micropropagation of Lycium schweinfurthii (Solanaceae). Investigations on
genetic stability, phenolic, flavonoid, ferulic acid contents, and antioxidant activity were
performed, leading to the selection of an effective protocol for the in vitro propagation of
plant material with desired quality. Erst et al. [9] studied the combined effects of NO3, as
well as NH4:K+ ratio and the cytokinins BAP and naphthylacetic acid (NAA) on the growth
and production of total phenolics callus culture of Rhodiola rosea (Crassulaceae). The study
of Pieracci et al. [10] on shoot cultures of halophyte Artemisia caerulescens L. (Asteraceae)
demonstrated the potential of the tissue culture technique for both the ex situ conservation
and production of essential oils and phenolic compounds of this species.

Author Contributions: All authors contributed equally to this article. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
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Abstract: Plant cell culture offers an alternative to whole plants for the production of biologically
important specialised metabolites. In cultured plant cells, manipulation by auxin and cytokinin plant
growth regulators (PGRs) may lead to in vitro organogenesis and metabolome changes. In this study,
six different combination ratios of 2,4-dichlorophenoxyacetic acid (2,4-D) and benzylaminopurine
(BAP) were investigated with the aim to induce indirect organogenesis from Bidens pilosa callus
and to investigate the associated induced changes in the metabolomes of these calli. Phenotypic
appearance of the calli and total phenolic contents of hydromethanolic extracts indicated underlying
biochemical differences that were investigated using untargeted metabolomics, based on ultra-
high-performance liquid chromatography quadrupole time-of-flight mass spectrometry (UHPLC–
qTOF–MS), combined with multivariate data analysis. The concentration and combination ratios
of PGRs were shown to induce differential metabolic responses and, thus, distinct metabolomic
profiles, dominated by chlorogenic acids consisting of caffeoyl- and feruloyl-derivatives of quinic
acid. Although organogenesis was not achieved, the results demonstrate that exogenous application
PGRs can be used to manipulate the metabolome of B. pilosa for in vitro production of specialised
metabolites with purported pharmacological properties.

Keywords: auxin; Bidens pilosa; cytokinin; callus; chlorogenic acids; organogenesis; phenolics;
secondary metabolites

1. Introduction

Plant secondary (specialised) metabolites are distinctive sources to pharmaceuticals,
food additives, flavours, and medicines [1,2]. Bidens pilosa L. is a widely occurring annual
species of herbaceous flowering plants in the Asteraceae family and consumed as a leafy
green vegetable. The plant is also noted for its medicinal value, containing a wide spectrum
of natural products, which include aliphatics, aromatic compounds, terpenoids, flavonoids,
hydroxycinnamic acids (HCAs), and HCA derivatives such as chlorogenic acids (CGAs)
that may be synthesised as a number of distinct regio- or geometrical isomers [3–5]. In
previous studies, CGAs were reported to have various health benefits such as anti-diabetic
properties [6], HIV-integrase inhibition by 3,5-di-caffeoylquinic acid [7] and anti-cancer
properties linked to 4,5-di-caffeoylquinic acid [8]. In addition to differentiated stem and
leaf tissues, undifferentiated cultured cells of Bidens pilosa were also found to produce some
of these bioactive specialised metabolites [5].

Although this plant contains a wide variety of important metabolites, the natural
habitats of plants are being lost due to agricultural practices, urbanization, and other
environmental disturbances such as global warming. Therefore, the use of plant cell culture
has gained interest in the sustainable and conservative production of various bioactive plant
specialised metabolites [9]. These in vitro systems offer the ability to produce high-value

Plants 2021, 10, 437. https://doi.org/10.3390/plants10030437 https://www.mdpi.com/journal/plants3
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marketable natural products at high yields with consistent quality at shorter production
cycles [10], overcoming inconveniences of using whole plants.

In cell culture, plant growth regulators (PGRs) are added to basal growth media to
stimulate developmental responses. Of these, auxins and cytokinins are the most frequently
used PGRs for most applications [11]. When added exogenously, they interact with other
endogenously produced phytohormones to modulate developmental processes [12] such
as the formation of meristems [13], that contain a small group of pluripotent stem cells,
which are responsible for formation of all tissues of a plant [14,15]. These hormones also
act synergistically in controlling cell division in undifferentiated cells [16].

In tissue culture, plant cells can be manipulated to regenerate plant tissues from
somatic differentiated cells under favourable conditions (organogenesis). This is achieved
over a two-step process, which includes acquisition of pluripotent cells followed by de novo
shoot organogenesis [17]. Generally, a low auxin: cytokinin ratio promotes shoot induction
(caulogenesis) from callus cells, while high auxin: cytokinin ratio promotes root formation
(rhizogenesis) [14,18–20]. In vitro organogenesis can be described as either indirect or
direct. In the former, PGRs stimulate totipotent cells of callus for organogenesis [21],
while direct organogenesis entails plant regeneration directly from explant material [22].
The mode of crosstalk between these PGRs varies with plant species and organs being
studied [13]. The use of PGRs in cell culture may also elicit production of specialised
metabolites that assist cells to adapt to and survive in in vitro growth conditions [20].
Consequently, in this study, the effects of different ratios of PGRs were investigated on B.
pilosa callus derived from stems and leaf tissues in order to evaluate how PGR-mediated
manipulation of the undifferentiated callus cells would affect the phytochemical profiles
of the CGAs previously recorded in B. pilosa tissues [5] and the regenerative potential of
these cells.

2. Results and Discussion

2.1. Manipulation of Undifferentiated Bidens pilosa Cells with Plant Growth Regulators

Organogenesis allows for control of plant development and production of specific
tissues in vitro for specialised metabolite biosynthesis [23]. B. pilosa stems and leaves
explant materials were used to initiate callus on media with different combinations of 2,4-D
(auxin) and benzylaminopurine (BAP) (cytokinin). Good callus formation was observed
on the combination of 0.45 mg/L 2,4-D and 1.0 mg/L BAP. Calli that formed under these
conditions were cut from the original explants and transferred to fresh medium of the same
composition. Stem- and leaf-derived calli were cultured until cell growth stabilised post
multiple subsequent sub-culturing steps. The white friable callus was sub-cultured onto
solid medium with different combinations of auxins and cytokinins (2,4-D: BAP) as detailed
in Table 1 to stimulate the undifferentiated cells towards root—or shoot—organogenesis.

Table 1. Concentration ratios of auxin (2,4-D, dichlorophenoxyacetic acid) and cytokinin (BAP,
benzylamino purine) used to cultivate Bidens pilosa callus on Murashige and Skoog (MS) media.

Condition Number 2,4-D (mg/L) BAP (mg/L) Ratio (2,4-D: BAP)

1 0.20 2.00 1:10
2 2.00 0.20 10:1
3 0.00 0.00 -
4 0.45 1.00 1:2
5 0.30 4.00 1:20
6 0.20 8.00 1:40

B. pilosa leaf callus was found to grow well into friable white callus (Figure 1(A1)) in
response to a combination of low auxin and high cytokinin concentrations (0.2 mg/L 2,4-D
and 2.0 mg/L BAP), respectively. Similarly, leaf callus grown on PGR ratios with very high
cytokinin concentrations (0.3 mg/L 2,4-D: 4.0 mg/L BAP) (Figure 1(A5)) and (0.2 mg/L
2,4-D: 8.0 mg/L BAP) (Figure 1(A6)) still maintained growth with minor browning. Fur-
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thermore, stem callus maintained in media with low auxin and high cytokinin also grew
well as seen with leaf callus (Figure 1(B1,B5,B6)). In contrast, leaf callus maintained at high
auxin and low cytokinin concentration (2.0 mg/L 2,4-D: 0.2 mg/L BAP) (Figure 1(A2))
showed comparably reduced growth and higher levels of callus browning, whilst stem
callus grew considerably better under the same conditions (Figure 1(B2)). Similarly, callus
browning and reduced growth (Figure 1A3) was also observed in callus maintained in
the initiation media (0.45 mg/L 2,4-D:1.0 mg/L BAP), contrasting with stem callus that
maintained growth and was not oxidised (Figure 1(B3)). Callus browning/oxidation has
been attributed to many factors that are correlated to an increase in phenolic content.
The increase in phenolic content is related to an increase in the activity of the enzyme
phenylalanine ammonia-lyase (PAL), which converts phenylalanine to trans-cinnamic acid,
subsequently leading to biosynthesis of cinnamate derivatives, which have been associated
with browning [24]. This coincides with elevated activity of enzymes such as polyphe-
nol oxidase [25] and peroxidase [26], which convert phenolics to molecules that have a
deleterious effect on callus cultures. Browning has also been correlated to carbohydrate
metabolism in cell cultures. Callus browning has been described as a major problem that
inhibits shoot formation and long-term maintenance of callus as observed in this study [27].

Figure 1. Representative images of Bidens pilosa friable stem- and leaf callus initiated on 0.45 mg/L 2,4-dichlorophen-
oxyacetic acid (2,4-D) and 1.0 mg/L benzyl aminopurine (BAP), which was sub-cultured onto media with different
combinations of concentrations/ratios of 2,4-D and BAP. (A) Indicates leaf-derived callus maintained on media containing
2,4-D and BAP at the following ratios (1:10) (1), (10:1) (2), (0:0) (3), (1:2) (4), (1:20) (5) and (1:40) (6). (B) Indicates stem-derived
callus also maintained on media with different 2,4-D: BAP ratios as described for the leaf callus in (A). The details of the
plant growth regulator (PGR) concentrations are described in Table 1. The calli were harvested at 25 d following sub-culture,
when the first signs of browning started to appear.

Partial callus habituation was observed (Figure 1(A3)), where leaf callus grown on MS
medium with organics, without added PGRs, still maintained growth. Habituation is an
occurrence in which division and growth of cells in culture become independent of added
PGRs [20,28]. This was, however, not observed on stem callus maintained on PGR-free
media, where reduced callus growth was observed (Figure 1(B3)).

In this study, B. pilosa cell culture did not show signs of possible shoot and root
regeneration under the conditions investigated. The different media conditions resulted in
either callus browning or white friable cells. Various factors such as multiple sub-culturing
are known to result in loss of the totipotency of tissue cultured. Even where explant tissue
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originated from tissue with identical genetic backgrounds, epigenetic changes may still
occur in cultured cells where genes responsible for organogenesis are modified (hypo-
and hypermethylated) [29]. Other factors contributing to loss of totipotency and loss of
regenerative abilities include genetic variation and selection pressure, resulting in loss of
cells with genetic memory for totipotency [20,29]. The age of plants used also affects the
regenerative capacity of ex-plants, such that explants from younger plants have been found
to possess better regenerative capacity compared to matured plants [30]. In future, de novo
organogenesis of B. pilosa could be studied at different developmental stages of the plant.
Culture conditions also play a role in regeneration of the plant, such as media nutrient
content, pH, light and temperature. In consideration, further optimisation of the auxin
and cytokinin PGRs and maintenance conditions of B. pilosa callus can be investigated to
achieve shoot and root regeneration if desired [31].

2.2. Total Phenolic Content in Response to Different Plant Growth Regulator Combinations

Phenolic compounds are produced by plants in response to a number of ecological
pressures such as biotic and abiotic stresses, but also physiological stress [32]. As plant
protective metabolites, phenolic compounds exhibit redox properties, allowing their action
as antioxidants. The total phenolic compound (TPC) content assay, thus, reflects the
reducing capacity of the extracts and is also used as a general indicator of specialised
metabolite synthesis in plants [33]. As reported in Table 2, TPC varied from 18–33 mg
gallic acid equivalents (GAE)/g tissue with the lowest determined for leaf-derived calli
(condition 1) and the highest for stem-derived calli (condition 5). This could indicate that
to achieve high phenolics content in stem calli of B. pilosa, moderate high cytokinin to
low auxin ratio (condition 5) is required. However, very high cytokinin concentration
(condition 6) reduced the phenolics content. Interestingly in leaf calli, the highest TPC was
achieved independently of PGRs. In general, the TPC of the stem-derived calli was higher
than that of the leaf-derived calli for each condition, and no correlation between browning
of the calli and TPC could be observed.

Table 2. Total phenolics content (TPC, expressed as mg gallic acid equivalents/g wet weight) in leaf
and stem callus maintained on different concentration ratios of auxin (2,4-dichlorophenoxy-acetic
acid, 2,4-D) to cytokinin (benzyl aminopurine, BAP).

Condition
Number

2,4-D
(mg/L)

BAP
(mg/L)

TPC
(Leaf Calli)

TPC
(Stem Calli)

1 0.20 2.00 18.02 ± 0.08 25.86 ± 0.07
2 2.00 0.20 22.25 ± 0.04 28.29 ± 0.02
3 0.00 0.00 29.20 ± 0.06 31.15 ± 0.02

4 * 0.45 1.00 20.38 ± 0.02 31.15 ± 0.03
5 0.30 4.00 27.12 ± 0.07 33.30 ± 0.05
6 0.20 8.00 25.16 ± 0.08 25.30 ± 0.05

* Condition used for initial establishment of calli. Calli were harvested at 25 d following sub-culture on the new
media.

2.3. Analysis of Altered Callus Metabolomes in Response to Different Plant Growth Regulator
Combinations

The CGA composition of methanol extracts from tissues, callus and cell suspensions
from B. pilosa was previously profiled by ultra-high-performance liquid chromatography
quadrupole time-of-flight mass spectrometry (UHPLC–qTOF–MS), using an optimized
in-source collision-induced dissociation (ISCID) method capable of discriminating between
closely related HCA derivatives of quinic acids, based on MS fragmentation patterns [5,34].
This ISCID approach was shown to efficiently discriminate between positional isomers of
CGAs. A combined total of 30 mono-, di-, and tri-substituted CGAs were annotated.

The manipulation of PGRs ratios in plant cell cultures does not only affect growth and
developmental processes, but also regulates different pathways of specialised metabolism
such as the phenylpropanoid pathway [35]. In plant cell culture, a variety of specialised
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metabolites accumulates differentially depending on the concentrations of PGRs [36]. The
PGRs (2,4-D and BAP) caused visible differences in the growth rates of the calli on growth
medium that contained the PGRs in different ratios, accompanied with browning of the
calli grown under some conditions. These phenotypic differences were also accompanied
by differences in the total phenolic content of the tissues, indicative of elicited changes in
the metabolomes of the calli due to the auxin: cytokinin PGR ratios. To gain further insights
into the underlying changes to the metabolomes, specifically with regards to the CGAs, a
targeted metabolomics investigation was performed. The following six different conditions
of 2,4-D to BAP were investigated, condition 1 (1:10), condition 2 (10:1), condition 3 (0:0)
condition 4 (1:2), condition 5 (1:20) and condition 6 (1:40). The actual concentrations
involved are reported in Table 1.

Changes in the metabolome of B. pilosa callus were studied with a high-throughput
analytical method: UHPLC–qTOF–MS. Through visual inspection of base peak intensity
(BPI) chromatograms (Figure 2A,B), HCA derivatives were a notable group of metabolites
in leaf and stem callus as observed previously [5,34]. The HCA derivatives were observed
to have minor intensity differences between callus grown on media with various ratios of
PGRs as shown in yellow rectangles in Figure 2. Although the combined effects of auxins
and cytokinins are not fully understood, the addition of PGRs in culture has been shown to
generally have positive effects on the accumulation of specialised metabolites, including
phenolics [37]. To further visualise the systematic trends in response to the different PGR
ratios, the datasets were subjected to multivariate statistical analysis.

2.4. Multivariate Statistical Analysis of Phytochemical Profiles/Constituents of Callus Maintained
on Different Plant Growth Regulator Combinations

Unsupervised multivariate statistical analysis was employed to explore datasets
generated by the UHPLC–qTOF–MS analysis of methanol extracts of B. pilosa stem- and
leaf callus maintained on media with different ratios of 2,4-D to BAP ((1:10), (10:1), (0:0),
(1:2), (1:20) and (1:40)). To analyse the variability within and between the datasets, PCA
scores scatterplot models were constructed for leaf callus (Figure 3A) and stem callus
(Figure 3C), which reduced the dimensionality of the datasets [38–40]. The PCA scores
scatterplot (Figure 3A) computed for extracts from leaf callus was an 11-component model
of which PC1 and PC2 explained 30.6 and 14.5% of the variation within the dataset. Visually,
the PCA scores scatterplot indicated differential metabolic profiles within the datasets, as
condition-specific clustering was observed. Leaf callus maintained on media with higher
cytokinin ((1:10), (1:20) and (1:40) 2,4-D to BAP) were found to be more closely related. The
statistical validation of the model was described by the explained variation/goodness of
fit R2 = 0.876 and the predictive variance Q2 = 0.704. The statistical validation performed
indicated that the model computed was fit, as acceptable models for biological data are
described by R2 > 0.7 and Q2 > 0.4 [41].

The PCA scores scatterplot (Figure 3C) computed for stem callus maintained on media
with different combination ratios of PGRs indicated differential clustering of sample groups.
Visually, stem callus grown on media with (1:2), (1:40) and (10:1) 2,4-D to BAP clustered
together and separate from the other conditions. This model was also an 11-component
model, where PC1 and PC2 described 30.4 and 19.2% of the variation within the dataset,
respectively. The model was found to be adequate to draw relevant biological interpretation
described by R2 = 0.9 and the predictive variance Q2 = 0.78. Interestingly, for both stem and
leaf callus maintained on medium with no PGRs ((0:0) 2,4-D to BAP), a grouping separate
from sample groups grown on media with PGRs was observed. This could indicate that
callus grown on media without PGRs (i.e., habituated callus) is significantly different from
that grown-on media with PGRs.

Hierarchical cluster analysis (HiCA) was also computed for both stem and leaf
callus, which applies an agglomerative (“bottom-up”) algorithm to determine corre-
lation/similarities within callus grown on media with different combination ratios of
PGRs [42,43]. HiCA dendrograms were generated from the datasets, and these indicated
differences in the metabolomic profiles of callus grown on different combination ratios
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of PGRs for leaf callus (Figure 3B) and stem callus (Figure 3D). The HiCA dendrogram
(Figure 3B) indicated that leaf-derived calli maintained on media with high cytokinin to
auxin ratios (1:10), (1:20) and (1:40) 2,4-D to BAP were more closely related compared
to calli grown on (0:0), (1:2) and (10:1) 2,4-D to BAP media, which clustered together. In
stem-derived callus culture, the dendrogram (Figure 3D) indicated that calli maintained on
a high cytokinin to auxin ratio ((1:10) and (1:20) 2,4-D to BAP) were more closely related
when compared to calli grown on (0:0), (1:2), (1:40) and (10:1) 2,4-D to BAP.

Figure 2. Representative ultra-high-performance liquid chromatography quadrupole time-of-flight mass spectrome-
try (UHPLC–qTOF–MS) base peak intensity (BPI) chromatograms showing the separation of specialised metabolites in
methanol extracts of callus cultures derived from Bidens pilosa leaves (A) and stems (B) maintained on different ratios of
2,4-dichlorophenoxyacetic acid (2,4-D) to benzyl aminopurine (BAP) ((1:10), (10:1), (0:0), (1:2), (1:20) and (1:40)) as detailed
in Table 1. Hydroxycinnamic acid derivatives were found to be a prominent group of metabolites in these cultures, albeit
with differential peak intensities.

PGRs were also shown to induce differential responses within leaf- and stem-derived
callus. In leaf-derived callus, a ratio with very high cytokinin (1:40) 2,4-D to BAP, induced
a similar metabolic response as induced by other ratios with high cytokinins ((1:10) and
(1:20) 2,4-D to BAP). In contrast, stem-derived callus grown on media with very high cy-

8



Plants 2021, 10, 437

tokinin concentration was shown to have similar metabolic responsiveness as callus grown
on media with high auxin concentration ((10:1), 2,4-D to BAP) and moderate cytokinin
concentration (1:2) 2,4-D to BAP. This could indicate some tissue-dependent differential
responsiveness to the PGRs in the growth media. Further metabolomic differences were
assessed post-metabolite identification through relative quantification of the annotated
metabolites associated with the different growth conditions.

Figure 3. Unsupervised exploratory statistical analysis of Bidens pilosa leaf and stem callus maintained on media with
different combination ratios of 2,4-dichlorophenoxyacetic acid (2,4-D) to benzyl aminopurine (BAP) ([1:10], [10:1], [0:0], [1:2],
[1:20] and [1:40]). (A) A principal component analysis (PCA) scores scatterplot of the Pareto-scaled dataset of leaf callus. The
computed model was an 11-component model, with PC 1 and PC 2 explaining 45.1% of the variation. The quality parameters
of the model were: explained variation/goodness of fit R2 = 0.876 and the predictive variance Q2 = 0.704. The ellipse in the
PCA score scatterplot indicates the Hotelling’s T2 at 95% confidence interval. (B) The hierarchical cluster analysis (HiCA)
plot shows the hierarchical structure of the data from leaf callus extracts in a dendrogram format, showing plant growth
regulator (PGR) concentration/ratio-dependent clustering. (C) A PCA score plot scores scatterplot of stem-derived callus.
The computed model was an 11-component model, with PC 1 and PC 2 explaining 49.6% of the variation. The quality
parameters of the model were: R2 = 0.9 and Q2 = 0.78. (D) The HiCA plot shows the hierarchical structure of the data from
stem-derived callus extracts in a dendrogram format, showing PGR concentration/ratio-dependent clustering.

2.5. Comparative Analysis of Metabolites Identified in Callus Maintained on Media with Different
PGR Ratios

Based on the multivariate statistical analysis, metabolites in B. pilosa callus grown on
solid agar media with different ratios of PGRs, were annotated (putatively identified) to
MSI-level 2 as described in [5,34] and listed in Table 3. These were annotated based on
accurate mass, retention time (Rt) and mass spectrometric (MS) fragmentation patterns.
As previously reported, HCA derivatives such as the CGAs are biologically important
metabolites, which have been shown to be abundant in tissues and cell cultures of B.
pilosa [5]. In this study, metabolites identified from methanol extracts of the callus grown
under the mentioned PGRs ratios were found to be primarily HCA derivatives in the form
of mono- and di-acylated quinic acid (i.e., CGAs). A total of 14 CGAs were identified in these
callus cultures, consisting of four mono-, nine di- and one tri-substituted quinic acids. These
HCAs conjugates to quinic acid did not include coumaric acid and were restricted to caffeic
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acid and ferulic acid (generating CQA and FQA, respectively). It is also of interest that
HCAs conjugated to tartaric acid (caftaric acid and chicoric acid, found in differentiated
leaf and stem tissues, [5] were not detected.

Seven other metabolites were found to contribute to the variability between the
metabolomic profiles of the various extracts. These were organic acids (gluconic acid,
malic acid and citric acid), amino acids (phenylalanine and tryptophan) and two benzoic
acids (2,5-dihydroxybenzoic acid and 3,4,5-trihydroxybenzoic acid (as glucogallin)). These
metabolites illustrate the link between primary and specialised metabolism with phenylala-
nine feeding into the phenylpropanoid pathway and being the precursor of the cinnamic
and benzoic acids [20,32].

The distribution or accumulation of the HCA derivatives in response to alterations
of concentration ratios of 2,4-D to BAP were investigated and highlighted by means of
colour-coded heatmaps (Figure 4). These were generated from MetaboAnalyst, in which
the resulting heatmaps indicated differential metabolite concentration patterns in response
to manipulations with PGRs [44]. A colour gradient was used to indicate abundances of
the specialised metabolites, where deep red indicates the highest relative abundances and
dark blue indicates the lowest abundances.

Table 3. Characterisation discriminatory metabolites present in methanol extracts of Bidens pilosa stem- and leaf-derived cal-
lus maintained on media with different combination ratios of 2,4-dichlorophenoxyacetic acid (2,4-D) to benzyl aminopurine
(BAP).

No. m/z Rt
(min)

Diagnostic
Fragment Ions

Molecular
Formulae

Metabolite * Abbreviation

1 195.590 0.90 191, 162, 108 C6H12O7 Gluconic acid Gluc
2 133.010 0.99 115 C4H6O5 Malic acid Mal
3 191.014 1.18 111 C6H8O7 Citric acid CTA
4 331.064 1.72 168, 125 C13H16O10 Galloyl-hexoside Gall
5 164.067 1.96 147 C9H11NO2 Phenylalanine Phe
6 315.069 2.07 153, 152, 109, 108 C13H16O9 2,5-Dihydroxybenzoic acid 2,5-DHBA
7 353.0842 2.77 191, 179, 135 C16H18O9 trans-3-Caffeoylquinic acid trans-3-CQA
8 203.077 3.22 142, 116 C11H12N2O2 Tryptophan Trp
9 353.0881 5.48 191 C16H18O9 trans-5-Caffeoylquinic acid trans-5-CQA
10 353.0831 5.87 191, 179, 173, 135 C16H18O9 trans-4-Caffeoylquinic acid trans-4-CQA
11 367.0980 10.03 193, 173 C17H20O9 4-Feruloylquinic acid 4-FQA
12 515.1166 14.01 353, 335, 191, 179, 135 C25H24O12 3,4-di-Caffeoylquinic acid 3,4-diCQA
13 515.1195 14.34 353, 191, 179, 135 C25H24O12 3,5-di-Caffeoylquinic acid 3,5-diCQA
14 515.1219 15.17 353, 335, 191, 179, 173, 135 C25H24O12 4,5-di-Caffeoylquinic acid 4,5-diCQA
15 529.1398 15.54 367, 353, 335, 193, 179, 173, 134 C26H26O12 3-Feruloyl-4-caffeoylquinic acid 3F-4CQA
16 529.1013 15.72 367, 335, 193, 173 C26H26O12 3-Caffeoyl-4-feruloylquinic acid 3C-4FQA
17 529.0983 16.00 367, 193, 134 C26H26O12 3-Feruloyl-5-caffeoylquinic acid 3F-5CQA
18 529.1345 16.11 367, 353, 191, 179 C26H26O12 3-Caffeoyl-5-feruloylquinic acid 3C-5FQA
19 529.1345 16.53 367, 193, 173 C26H26O12 4-Feruloyl-5-caffeoylquinic acid 4F-5CQA
20 529.117 16.68 367, 353, 191, 179, 173, 135 C26H26O12 4-Caffeoyl-5-feruloylquinic acid 4C-5FQA
21 677.1561 17.51 515, 353,179, 173 C34H30O15 tri-Caffeoylquinic acid tri-CQA

* Metabolites with differential m/z ion intensities were identified across all conditions in callus derived from both leaves and stems
(Figure 4). Callus was harvested after a period of 25 d of growth on media with different concentration ratios of PGRs as listed in Table 1.

In leaf-derived callus (Figure 4A), differential abundance of HCA derivatives was
observed in response to alterations of concentration ratios of 2,4-D to BAP ((1:10), (10:1),
(0:0), (1:2), (1:20) and (1:40)). Interestingly, leaf callus grown on media without PGRs ((0:0)
2,4-D to BAP) was found to maintain metabolic responsiveness, as for an example 3C-4FQA,
3C-5FQA, 3,4-diCQA and trans-4-CQA were found to be relatively abundant in this callus
type. This could indicate that B. pilosa leaf callus could accumulate some HCA derivatives
independent of PGRs in culture media. However, other HCA derivatives were also found
to be abundant in culture with other combinations of concentration ratios of PGRs ((10:1),
(1:2), (1:20) and (1:40) 2,4-D to BAP), which could indicate the requirement of PGRs for
accumulation of HCA derivatives in callus culture.
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Figure 4. Heatmaps illustrating the occurrence/ distribution of metabolites identified in B. pilosa leaf callus (A) and stem
callus (B), maintained on media with different ratios of 2,4-D to BAP ((1:10), (10:1), (0:0), (1:2), (1:20) and (1:40) as detailed in
Table 1). Group averages were used to simplify the visualisation of the distribution of these HCA derivatives. Abbreviations
of metabolites are as defined in Table 1.

Similarly, stem-derived callus (Figure 4B) abundantly produced some HCA deriva-
tives independent of PGRs ((0:0) 2,4-D to BAP). Generally, some auxins may upregulate
production of phenolics [45]. As also observed in this study, high auxin concentration
((10:1) 2,4-D to BAP) resulted in accumulation of trans-5-CQA, trans-3-CQA and 3F-4CQA
in stem-derived callus of B. pilosa. Partial suppression of the phenylpropanoid pathway
was observed in stem-derived callus grown on media with (1:2) 2,4-D to BAP, as some
HCA derivatives were reduced (Figure 4B). This could suggest that other auxin–cytokinin
concentration combinations were better for optimal production of HCA derivatives in
cell culture of B. pilosa. Generally, in both callus culture under conditions with increased
HCA derivatives, a decrease in phenylalanine and tyrosine was observed. This could
indicate increased activity of phenylalanine/tyrosine ammonia-lyase), a key enzyme in
the phenylpropanoid pathway, which is responsible for the conversion of phenylalanine to
trans-cinnamic acid and tyrosine to p-coumaric acid, leading to the subsequent biosynthesis
of HCA derivatives [46,47].

3. Materials and Methods

3.1. Callus Initiation and Cultivation on Different Ratios of Plant Growth Regulators

B. pilosa stem and leaf calli were initiated from sterilised explant material taken from
plants grown under greenhouse conditions as described previously [5]. Explant material
(stem and leaf sections, taken from the same plant) were sterilised with 70% (v/v) ethanol
for 10 s, then 1.5% (v/v) sodium hypochlorite solution for 20 min and rinsed with sterile
distilled water. Cultures were initiated in Petri dishes on Murashige and Skoog (MS)
medium [48] supplemented with MS vitamins (0.5 mg/L nicotinic acid, 0.2 mg/L thiamine
and 0.5 mg/L pyridoxine). Additions to the MS medium included 100 mg/L myo-inositol,
1 g/L casein hydrolysate, 30 g/L sucrose and 8 g/L phytoagar. The growth medium was
supplemented with PGRs: 0.45 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D) and 1 mg/L
6-benzylaminopurine (BAP) at pH 5.8. All PGRs and phytoagar were obtained from Sigma
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Aldrich, Muenchen, Germany, while MS medium salts and organics were obtained from
Duchefa, (Haarlem, The Netherlands).

Initiated callus was grown in an incubator at 24 ◦C with a 12 h dark/light cycle and
light intensity of 25 μmol/ m2/ s and sub-cultured onto fresh media every 14 d until callus
growth stabilised and the callus was white and friable (approximately 3 months). In order
to investigate the effect of combining auxin and cytokinins on undifferentiated B. pilosa
cells, the friable white calli were sub-cultured onto MS media with vitamins and different
concentration ratios of auxin (2,4-D): cytokinin (BAP) as detailed in Table 1. Calli were
grown on the new media for 25 d, when signs of browning started to appear on the callus
of some of the conditions (Figure 1).

3.2. Metabolite Extraction

Two grams (2 g) of the frozen calli from each condition were weighed and ho-
mogenised using a probe Ultra-Turrax homogenizer (IKA, Staufen, Germany) at 100%
intensity for 2 min in 20 mL (1:10 m/v) of 80% analytical grade methanol (Romil SpS Chem-
istry, Cambridge, UK). A sonicator bath (Branson CPX, Fischer Scientific, Waltham, MA,
USA) was used to sonicate the samples at 100% intensity for 30 min prior to centrifugation.
The crude extracts were centrifuged in a swinging-bucket benchtop centrifuge (Beckman
Coulter, Midrand, South Africa) at 5100 rpm for 20 min. A rotary evaporator (Heidolph
Instruments, Schwabach, Germany) was used to evaporate the supernatants under vacuum
at 55 ◦C to approximately 1 mL. Samples were transferred to 2 mL Eppendorf microcen-
trifuge tubes and dried overnight in a fume hood on a dry bath at 45 ◦C. The dried residues
were then reconstituted with 500 μL of mass spectrometry-grade methanol: milliQ water
(1:1, v/v) in a sonicator bath at 30 ◦C. The samples were filtered through 0.22 μm nylon
filters into glass chromatography vials fitted with 500 μL inserts. For all the treatments,
at least three independent biological replicates were prepared. Quality control samples
(QCs) were also prepared through pooling together of equal volumes of all the biological
replicates. The filtered samples were stored at 4 ◦C until LC–MS analysis.

3.3. Total Phenolic Content (TPC) Assay

The TPC was determined using the Folin–Ciocalteu (F-C) assay with gallic acid (Sigma
Aldrich, Muenchen, Germany) as a calibration standard with concentrations ranging
between 250 and 1250 μM [20]. The reconstituted extracts (in 50% methanol), blanks (50%
methanol) and a concentration series of the calibration standard dissolved in 50% methanol
were each (100 μL) added to 2 mL Eppendorf tubes. To these samples, 200 μL 10% (v/v)
F-C reagent (Sigma Aldrich, Muenchen, Germany) was added, and samples were vortexed
thoroughly. A volume of 800 μL of 0.7 M sodium carbonate was then added to the samples
and incubated for 2 h at room temperature. A volume of 200 μL of all sample groups in
triplicates were transferred to a 96-well microplate, and the absorbance was determined
using a microplate reader at 765 nm.

3.4. Ultra-High-Performance Liquid Chromatography—High-Definition Mass Spectrometry
(UHPLC–HDMS)

The aqueous-methanol extracts were analysed on an UHPLC high-definition quadrupole
time-of-flight MS instrument (UHPLC–qTOF Synapt G1 HDMS system, Waters Corpora-
tion, Manchester, UK) for chromatographic separation and mass spectrometric (MS) data
acquisition. Prior to MS analysis, the samples were separated on the UHPLC system fitted
with an Acquity HSS T3 C18 column (150 × 2.1 mm with particle size of 1.7 μm) (Waters,
Milford, MA, USA). A binary solvent system comprising of 0.1% aqueous formic acid in
Milli-Q water (solvent A) and 0.1% formic acid in acetonitrile (solvent B) was used. A
30 min binary solvent gradient was run at a flow rate of 0.4 mL/min. The elution gradient
conditions were: 2% B over 0.0–1.0 min, 2–60% B over 2.0–24 min, 60–95% B over 24–25 min,
from 25–27 min the conditions were held at 95% B, and the column was washed with 95–2%
B over 27–28 min. The column was re-equilibrated with 2% B over a 2 min isocratic wash.
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The Synapt G1 high definition mass spectrometer, equipped with electrospray ionisa-
tion (ESI) source, was used to analyse the separated metabolites by acquiring centroid data
in both positive and negative ionisation modes. The conditions for the MS detector were set
as: capillary voltage of 2.5 kV, source temperature of 120 ◦C, sampling cone voltage of 30 V,
cone gas flow of 50.0 (L/h), extraction cone of 4.0 V, desolvation gas flow of 550 (L/h), m/z
range of 100–1000, scan time of 0.2 s and an interscan delay of 0.02 s. Leucine encephalin
[M + H]+ = 552.766 and [M − H]− = 554.2615 was done to ensure high mass was used as
a reference calibrant to ensure high mass accuracy (2–5 mDA). The MS analyses were set
to result in both unfragmented and fragmented experiments through collision-induced
dissociation (MSE) achieved by alternating the collision energy from 10 to 50 eV. Due to
better ionisation in ESI negative mode, only the negative ionisation data were subsequently
processed.

3.5. Multivariate Data Analysis, Metabolite Annotation and Relative Quantification

Post data acquisition, negative ionisation MS data were processed using MassLynx
XS™ software’s MarkerLynx application (Waters, Manchester, UK). Data were processed
with the following parameters set: retention time (Rt) range of 0.60–21 min, mass range of
100–200 Da, mass tolerance of 0.05 Da and a Rt window of 0.2 min. Statistical modelling was
then performed using the generated data matrix obtained in the “Soft Independent Mod-
elling of Class Analogy” software (SIMCA-15.0, Umetrics Corporation, Umea, Sweden).
Pareto scaling was applied on the datasets, whereby data are scaled using the square root of
the standard deviation [49]. The statistical models presented here are principal component
analysis (PCA) and hierarchical cluster analysis (HiCA), unsupervised models that assess
the overall structure of the data and indicate trends, clusters and similarities between sam-
ple groups/experimental treatments [50]. Potential biomarkers of different sample groups
were highlighted using orthogonal projection to latent structures discriminant analysis
(OPLS-DA S-plots), and only significant biomarkers with correlation, (p(corr)) ≥ 0.5 and
covariance, (p1) ≥ 0.05 were annotated [5,34].

Metabolites were putatively annotated to level 2 of the Metabolomics Standards
Initiative (MSI) [51]. The following criteria was utilized: (i) molecular formula from full-
scan accurate mass data was used, (ii) the elemental composition predictions were searched
against online databases such as Dictionary of Natural Products [52], Kyoto Encyclopedia of
Genes and Genomes (KEGG) [53] and Chemspider [54], (iii) fragmentation patterns based
on the MS1 and MSE spectra of the metabolites were assessed, (iv) putative annotations
were also compared to available literature with respect to their reverse-phase column
chromatography elution profiles. The relative peak intensities of annotated metabolites
were also visualized using colour-coded heatmaps generated from MetaboAnalyst [55].
The data imported were normalised by median, log transformed and Pareto-scaled. The
computed HiCA indicated samples with relatively similar abundances. The Pearson’s
correlation was applied as a dissimilarity measure, and Ward’s clustering algorithm was
used. To simplify the visualisation of the changing patterns, group averages were used [56].

4. Conclusions

Plant cell cultures of B. pilosa were successfully initiated from stem and leaf explant
material. Interestingly, metabolomic profiling of such generated callus and cell suspen-
sions demonstrated differential cell-line-specific metabolite distribution, similar to the
tissue-specific distribution initially observed in the corresponding differentiated tissues
reported previously. This showed that B. pilosa cell cultures are a promising alternative
approach/source for the production of high-value specialised metabolites such chlorogenic
acids, e.g., HCAs esterified to quinic acid (caffeoyl- or feruloyl-quinic acids, CQA and
FQA). This study aimed at investigating the effects of auxin (2,4-D) and cytokinin (BAP)
on the ability of undifferentiated B. pilosa callus cells to regenerate, and to profile the
metabolite distribution patterns resulting from the exogenous applications of plant growth
regulators. Although the results indicated that treatment with different combinations of
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auxin and cytokinins did not initiate organogenesis, the callus demonstrated differential
accumulation of HCA derivatives in response to the various PGR concentration ratios
investigated. The stimulating effects of the PGRs were nuanced in that the results indicated
graded differences between the perturbed metabolomes, showing increases for some of the
CGAs, but also interconversion between isomeric versions of the same metabolite. This
study highlights the differential effects of auxin: cytokinin interactions on the production
of specialised metabolites in cultured cells of B. pilosa and illustrates the investigation of
optimal concentration ratios of PGRs for the biosynthesis of HCA derivatives.
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Abstract: In vitro shoot culture of the endangered medicinal plant Gentianella lutescens was estab-
lished from epicotyl explants cultured on MS basal medium with 0.2 mg L−1 6-benzylaminopurine
(BA) and evaluated for xanthones content for the first time. Five shoot lines were obtained and no
significant variations in multiplication rate, shoot elongation, and xanthones profile were found
among them. The highest rooting rate (33.3%) was achieved by shoots treated for 2 days with
5 mg L−1 indole-3-butyric acid (IBA) followed by cultivation in liquid PGR-free 1⁄2 MS medium
for 60 days. HPLC analysis revealed the lower content of xanthones—mangiferin, bellidifolin,
demethylbellidifolin, demethylbellidifolin-8-O-glucoside and bellidifolin-8-O-glucoside—in in vitro
cultured shoots compared to wild growing plants. The increasing concentration of sucrose, sorbitol
and abiotic elicitors salicylic acid (SA), jasmonic acid (JA) and methyl jasmonate (MeJA) altered
shoot growth and xanthone production. Sucrose and sorbitol applied at the highest concentration
of 233.6 mM increased dry matter percentage, while SA at 100 μM promoted shoot growth 2-fold.
The increased sucrose concentration enhanced accumulation of xanthones in shoot cultures 2–3-fold
compared to the control shoots. Elicitors at 100–300 μM increased the accumulation of mangiferin,
demethylbellidifolin-8-O-glucoside, and bellidifolin-8-O-glucoside almost equally, while MeJA at the
highest concentration of 500 μM enhanced amount of aglycones demethylbellidifolin and bellidifolin
7-fold compared to the control. The obtained results facilitate conservation of G. lutescens and pave
the way for further research on large-scale shoot propagation and production of pharmacologically
active xanthones.

Keywords: shoot culture; secondary metabolites; HPLC; bellidifolin; osmotic stress

1. Introduction

The genus Gentianella Moench (Gentianeceae) encompasses about 250 species grow-
ing mainly in temperate or mountain habitats in Europe, South America, New Zealand,
and Australia [1]. In Europe, the genus Gentianella consists of 22 species with numerous
subspecies and taxa that are distributed in the Alps, Carpathians, in the Tatra mountains,
as well as in the mountains of the Balkan Peninsula [2]. In Serbia, the genus Gentianella
is represented by six species: G. austriaca, G. bulgarica, G. axilaris, G. ciliata, G. praecox,
and G. crispata [3].

Apart their ornamental value, Gentianella species have been well-known as traditional
medicines since ancient times. In South America they have been used as a traditional rem-
edy for the treatment of digestive and liver problems [4,5]. Gentianella amarella is known in
the traditional medicine of Mongolia to cure headache, hepatitis, fever, and gallbladder
disorders [6]. Like other species of the Gentianaceae family, Gentianella plants are character-
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ized by the universal occurrence of three main groups of secondary metabolites, iridoids,
flavonoids, and xanthones [7].

Naturally occurring xanthones have been attracting attention for a long time due to
their specific bioactivities and occupy an important position in the pharmacology and
chemistry of natural products. Xanthone compounds typical of Gentianella species belong
to the bellidifolin type of xanthones, which mostly occur in the form of O-glycosides.
They are responsible for wide range of therapeutic properties attributed to Gentianella
plants. The xanthones bellidifolin and demethylbellidifolin, the principal constituents
of many gentianellas, have been reported to show cardioprotective effects, antioxidant,
antimicrobial, and antidiabetic activity, as well as displaying significant potential to inhibit
acetylcholinesterase and monoamino oxidase activity [8]. Bellidifolin exhibited a variety of
pharmacological activities, including prominent hypoglycemic [9] and neuroprotective ac-
tivities [10]. These findings support the potential use of xanthone compounds as new drugs
in treating aging-related neurodegenerative disorders [11] and also as useful candidates
for therapy of type 2 diabetes [9].

Although finding Gentianella species as a reach source of important phytochemicals
has heightened research interest in these species, many of them have not yet been properly
investigated due to the low availability of plant material. A large number of Gentianella
species are rare and endemic or grow in inaccessible localities, while the others became
endangered from excessive harvesting or adverse environmental conditions. Such an
unfavorable situation is the case with the endemic species G. lutescens subsp. carpatica,
which we discovered in Serbia for the first time during field research on Povlen mountain
(Figure 1). A survey of literature indicated that this species has not been phytochemically
investigated so far and very scarce data can be found about it.

 

Figure 1. Gentianella lutescens subsp. carpatica in a natural habitat on Povlen mountain (locality
Razbojište), Serbia.

It is biennial 3–40-cm-tall plant, and is simple or branched in the upper part, forming
a racemose inflorescence panicle-like, umbrella-shape with reddish to violet flowers. Gen-
tianella lutescens subsp. carpatica was located in Eastern and Central Europe and northern
part of the Balkan Peninsula, mainly in the mountains, with ecotypic variants in Austria,
Bulgaria, Czech, Germany, Yugoslavia, and Poland [12]. This species was reported as
relatively common in the Czech Republic before 1950; however, nowadays it is considered
a critically threatened plant surviving on only a few sites [13]. The fact that the extant
populations are small, often less than ten individuals, signify that G. lutescens is a criti-
cally endangered plant species that is included in both the European and world red list,
according to International Union for Conservation of Nature’s (IUCN) Red List [14].

18



Plants 2021, 10, 1651

Advances in plant biotechnology and tissue culture have proven to be a valuable tool
for large-scale propagation, storage, reintroduction, as well as the production of secondary
metabolites of endangered medicinal plant species [15–17].

Many papers have been published over the last two decades related to in vitro culture
studies of more eminent members of Gentianaceae, such as Gentiana spp. and Swertia spp.
However, these studies were performed in only a few species of the genus Gentianella,
and included G. austriaca [18], G. bulgarica [19,20], Gentianella albifpra [21], and G. bicolor [22].
Considering the rarity and medicinal importance of G. lutescens, tissue culture would be
a suitable tool, not only for conservation purposes, but also for overcoming the deficit of
plant material in order to perform phytochemical investigations and in the development of
technology for the extraction of important metabolites [23]. Although a lower content of
secondary metabolites of interest in the tissue of cultured plants compared to natural plants
may limit the applicability of tissue culture [17], it also offers the possibility to stimulate
their production using various strategies.

Elicitation with chemical compounds is an effective strategy for improving the pro-
duction of secondary metabolites in plant cells and tissue cultures. Elicitor molecules
trigger signaling events leading to the activation of defense-related genes involved in
the biosynthesis of secondary metabolites. Increased transcription of genes encoding
biosynthetic enzymes of central phenylpropanoid pathway (phenyilalanine-ammonia lyase
(PAL) and 4-coumarate-CoA-ligase (4 CL)) and specific enzyme benzophenone synthase
(BPS) of the xanthone synthesis branch route has been demonstrated upon elicitation of
Hypericum perforatum cell cultures [24]. Salicylic acid (SA), jasmonic acid (JA), and methyl
jasmonate (MeJA) are plant defense signaling molecules, and, when exogenously added,
they induce systemic acquired resistance against stress, thus acting as elicitors. Several
studies reported higher production of xanthones and flavonoids in cell suspensions of
H. perforatum treated with SA, JA, or MeJA [25–27]. Exposure to high levels of sucrose
or sorbitol have also induced an increased accumulation of some secondary metabolites
caused by osmotic stress [28,29].

In view of medicinal and conservation importance of G. lutescens, the aim of the
current work was to evaluate in vitro grown shoot culture of G. lutescens as an alternative,
sustainable, and stable source of xanthones. In order to increase biomass and xanthones
content in G. lutescens shoots, the effect of sucrose, sorbitol, and elicitors JA, MeJA, and SA,
on shoot growth and xanthones production was investigated.

2. Results and Discussion

2.1. HPLC-DAD Analysis of Secondary Metabolites of Wild Grown G. lutescens Plants

The chemical profile of methanol extract of aerial parts of wild-growing G. lutescens
plants analyzed using the HPLC-DAD technique is presented in Figure 2. Similarly, as in
other Gentianella species, three groups of secondary metabolites, secoiridoids, flavone-
C-glucosides, and xanthones, were detected. Chromatographic analysis identified the
presence of swertiamarin and gentiopicrin (peaks 1 and 2, respectively) as the most common
secoiridoid compounds, which appeared to be present in all species of Gentianaceae [30].
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Figure 2. HPLC profile (λ = 260 nm) of methanol extract of G. lutescens. Peaks: 1—swertiamarin, 2—gentiopicrin,
3—mangiferin, 4—campestroside, 5—isoorientin, 6—demethylbellidifolin-8-O-glucoside, 7—swertisin, 8—bellidifolin-8-O-
glucoside, 9—veratriloside, 10—demethylbellidifolin, 11—bellidifolin.

Peaks 5 and 7 were identified as isoorientin and swertisin, the most represented
C-glucoflavones in the Gentianella species. The seven remaining peaks presented in the
chromatogram were detected as xanthone compounds. The precise identification of each
xanthone was confirmed using the HPLC co-injection method using reference xanthone
standards, previously isolated in our laboratory [31]. The two dominant peaks (Figure 2) be-
long to demethylbellidifolin-8-O-glucoside (6) and bellidifolin-8-O-glucoside (8), xanthones
with 1,3,5,8-oxidation pattern characteristic for Gentianella species. HPLC also revealed the
presence of a tetrahydroxanthone glucoside named campestroside (4), a partially saturated
analog of demethylbellidifolin-8-O-glucoside. A xanthone with such a structure need spe-
cial attention since it is rare in nature and its occurrence is of particular chemotaxonomic
and biogenetic significance [31]. Compound 9 was identified as xanthone-O-glucoside
veratriloside, and this compound was reported to be the first 1,3,4,7-oxygenated xanthone
isolated from the genus Gentianella [20,31]. Peak 3 belongs to C-glucoxanthone mangiferin,
one of the well-known naturally occurring xanthones, widespread among angiosperms.
The occurrence of mangiferin together with flavone-C-glucosides isoorientin and swertisin
is most common and is typical for Gentianella species. The peaks detected at the end of
the chromatogram were identified as xanthone aglycons demethylbellidifolin (10) and
bellidifolin (11). Figure 3 shows the chemical structures of the secoiridoid and xanthone
compounds identified in G. lutescens.
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Figure 3. Chemical structures of secoiridoid and xanthone compounds identified
in G. lutescens. 1—swertiamarin, 2—gentiopicrin, 3—mangiferin, 4—campestroside, 5—isoorientin,
6—demethylbellidifolin-8-O-glucoside, 7—swertisin, 8—bellidifolin-8-O-glucoside, 9—veratriloside,
10—demethylbellidifolin, 11—bellidifolin.

Considering that xanthones are becoming increasingly important compounds that
possess a broad spectrum of biological and pharmacological activities, in this study we
analyzed secondary metabolites from G. lutescens cultured in vitro. Specifically, we focused
on the chemical analysis of five dominant xanthones: mangiferin, demethylbellidifolin-
8-O-glucoside (DMB-8-O-glc), bellidifolin-8-O-glucoside (bell-8-O-glc), and the aglycons
demethylbellidifolin (DMB) and bellidifolin.

2.2. In Vitro Shoot Propagation of G. lutescens

Immature seeds of G. lutescens (Figure 4A) were germinated for 10 days at a rate of 5%,
and non-contaminated seeds were found. The maximum response of the epicotyl explants
to produce new shoots was observed after 35 days of culture on shoot induction medium
(Figure 4B). The genotype of the individual seedlings did not have a significant effect on
the shoot proliferation response, as a multiplication index of about 3 was recorded in all
five lines. However, the genotype significantly affected the elongation of the main shoot,
ranging from 14.49 mm in line 1 to 23.05 mm in line 3 (Table 1).

21



Plants 2021, 10, 1651

 

Figure 4. In vitro propagation of G. lutescens. (A) Open pod with immature seeds (bar = 5 mm),
(B) shoot multiplication on BM + 0.2 mg L−1 BA (bar = 10 mm), (C) root elongation in PGR-free 1⁄2 MS
liquid medium after treatment of shoots with 5.0 mg L−1 IBA for 2 days (bar = 10 mm).

Table 1. Shoot induction and multiplication and the length of the main shoot in G. lutescens. Epicotyl explants of five
seedling lines were cultivated on BM + 0.2 mg L−1 BA for 35 days. Values represent the means ± SE from two experiments
with 35–40 samples per line (n = 75–80). Data were analyzed by one-way ANOVA analysis. Within each column means
followed by different letters are significantly different according to Fisher’s LSD test at p ≤ 0.05. Multiplication index: main
shoot + axillary buds.

Line
(BA 0.2 mg L−1)

No. of Explants Multiplication Index ± SE Length of Main Shoot (mm) ± SE

line 1 80 3.03 ± 0.23 ab 14.49 ± 0.65 a
line 2 77 3.31 ± 0.19 ab 17.40 ± 0.92 ab
line 3 80 3.53 ± 0.23 b 23.05 ± 1.67 c
line 4 75 2.76 ± 0.25 a 17.19 ± 1.22 ab
line 5 80 3.41 ± 0.26 ab 19.39 ± 1.07 b

ANOVA
Source of Variation

Df Mean Square F-Ratio p-Value

Multiplication index 4 7.48476 1.73 0.1428
Length of main shoot 4 804.293 7.67 0.0000

Elongated shoots (≥15 mm) sporadically formed flower buds. The shoots with intense
blue–violet flowers developed normally on the cytokinin-containing medium. With the
aim to enhance shoot proliferation, the individual shoots of line 5 were transferred onto
BM with increasing concentrations of BA (0–2.0 mg L−1). Line 5 was chosen for the
shoot proliferation experiment because it showed growth and multiplication stability over
time and produced a large number of healthy-looking shoots that were needed to start the
experiment. According to ANOVA, shoot multiplication and shoot length were significantly
affected by the concentration of BA (Table 2). A higher BA concentration (above 0.5 mg L−1),
not only contributed to the enhancement of shoot multiplication rate, but also increased
the percent of low-quality vitrified shoots (Table 2). Moreover, the length of the main shoot
was significantly decreased with increasing BA concentration. The highest multiplication
rate, close to 4, was achieved on basal medium supplemented with 0.2 mg L−1 BA along
with minimum reduction of the main shoot length compared to cytokinin-free medium.
In light of this finding, and considering the reasonable percent of vitrified shoots (7.75%),
the above medium formulation was selected as optimal for shoot culture multiplication
and maintenance. Unexpectedly, a relatively satisfactory multiplication rate (2.89) was
achieved on cytokinin-free medium relative to BA-containing media. This can be explained
by prolonged effect of BA from shoot induction medium.

22



Plants 2021, 10, 1651

Table 2. Effect of increasing concentrations (0–2.0 mg L−1) of BA on shoot multiplication, the length of the main shoot and
vitrification incidence of G. lutescens line 5. Values represent the means ± SE from 3–4 experiments with 25–40 samples per
treatment (n = 80–129). Data were analyzed by one-way ANOVA analysis. Within each column means followed by different
letters are significantly different according to Fisher’s LSD test at p ≤ 0.05. Results were scored after 35 days. Multiplication
index—main shoot + axillary buds.

BA
(mg L−1)

No. of Expl. Multiplication Index ± SE
Length of Main

Shoot (mm) ± SE

Vitrification

No. %

0 85 2.89 ± 0.16 a 15.02 ± 0.66 1 0.8
0.05 100 3.16 ± 0.17 a 15.85 ± 0.50 e 1 1.0
0.1 128 3.20 ± 0.14 a 13.66 ± 0.46 cd 7 5.47
0.2 90 3.92 ± 0.25 b 15.48 ± 0.64 cd 10 7.75
0.5 129 3.22 ± 0.17 a 13.09 ± 0.48 bc 24 18.6
1.0 128 2.88 ± 0.15 a 12.09 ± 0.38 b 20 15.6
2.0 80 2.94 ± 0.20 a 10.46 ± 0.47 a 14 17.5

ANOVA
Source of Variation

Df Mean Square F-Ratio p-Value

Multiplication index 6 12.2028 3.72 0.0012
Length of main shoot 6 351.866 12.96 0.0000

In cultures maintained on basal medium supplemented with 0.2 mg L−1 BA more than
one year, the number of shoots with spontaneously developed flowering buds gradually
decreased over time and became rare in those maintained more than 5 years. Cytokinin was
a common requirement for in vitro flowering, which also occurred in G. austriaca [18] and
G. bulgarica shoot cultures [19]. However, while precocious in vitro flowering in these two
species threatened shoot multiplication at a higher rate due to decay of the main shoot after
flowering, it appeared sporadically in G. lutescens and has not been observed to significantly
affect multiplication. Nevertheless, in vitro flowering could serve as an important tool for
many purposes. Manipulation of different variables in in vitro conditions offers a unique
system for studying molecular basis and hormonal regulation of flowering. On the other
hand, in vitro flowering could be a valuable tool for the faster release of new varieties [32],
enabling also the recombination of genetic material via in vitro fertilization in otherwise
non-hybridizable lines. Since the multifunctional usability of in vitro flowering, especially
in rare and endangered plant species, such as G. lutescens, comprehensive study of this
phenomenon could be the main goal of further research studies in G. lutescens.

To the best of our knowledge, this is the first report on the establishment of shoot cul-
tures of endemic G. lutescens. In general, Gentianella species were, so far, barely investigated
compared to their closest relatives belonging to the genus Gentiana. Huo and Zheng [21]
were the first to reported shoot regeneration from calli of G. albifpra cultured on medium
with 3.0 mg L−1 2,4-D + 1.0 mg L−1 KIN. Later on, in vitro propagation was achieved
from epicotyls of sterile germinated mature seeds of G. austriaca [18] and G. bulgarica [19],
which are endemic in central part of the Balkan Peninsula. Incorporation of cytokinin
promoted shoot explant proliferation in Gentianella species and BA was found to be su-
perior for new shoot formation. BA was also effective for inducing shoot proliferation
in the previously mentioned Gentianella species, G. austriaca and G. bulgarica, where BA
at 0.2–0.5 mg L−1 (depending on species) with the addition 0.1 mg L−1 NAA was ap-
plied [18,19]. More recently, Solorzano et al. [22] reported shoot regeneration from leaf-
explant-derived calli of G. bicolor on medium containing a combination of KIN and 2,4-D.
However, shoot tips, epicotyl, and nodal segments are generally preferred explants for
multiplication of most plant species due to the presence of pre-existing meristems. They can
be easily developed into shoots that ensure clonal fidelity [33]. Genetic fidelity and true-to-
type regenerated plants are very important for both the germplasm maintenance for plant
conservation purposes and mass shoot propagation that ensures a continuous supply of
uniform genetic plant material for large-scale secondary metabolite production [34,35].
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Rooting of G. lutescens shoots was performed on a medium with a reduced content of
MS mineral salts (by half (1⁄2 MS)), supplemented with increasing concentrations of IBA
at 0.2–5.0 mg L−1 (Table 3). However, if only solid medium was used, auxin-induced
root primordia did not elongate and redundant calli were observed, especially at IBA
0.5–2.0 mg L−1 (data not shown). Transfer of shoots with induced roots to solid auksin-
free medium, with or without active charcoal (1%) or GA3 (0.1 mg L−1), also did not
stimulate elongation of root primordia (data not shown). Elongation of IBA-induced roots
was achieved by transferring shoots into liquid PGR-free 1⁄2 MS medium. Decades of
work with gentians and other plant species suggest that increased concentrations of auxin
should reduce the length of induction treatment. Otherwise calli will form instead of
roots. Hence, in G. lutescens, we used different root induction treatments corresponding
to auxin concentration (Table 3). Elongation of the roots in the liquid medium was very
slow and required about 60 days. The best rooting was achieved by induction with IBA
5.0 mg L−1 for 2 days, followed by root elongation in liquid PGR-free 1⁄2 MS medium for
61 days. This protocol provided the highest percentage of rooted shoots (33%), number of
shoots with induced root primordia (23.3), number of roots per rooted shoots (5.4), and root
elongation (11.2 mm) (Table 3; Figure 4C). These results indicated G. lutescens as a highly
recalcitrant species in terms of rooting potential that should be further improved to obtain
enough healthy and functional plants for successful acclimatization and ex situ and in
situ conservation. Other Gentianella species also displayed restricted rooting potential.
The highest rooting percentage was obtained for G. austriaca, where 47.3% of shoots formed
roots on solid MS medium with 4.92 μM (1.0 mg L−1) IBA [18]. However, only 1–2% shoots
of G. bulgarica spontaneously rooted on plant growth regulator free medium [19].

2.3. HPLC-DAD Analysis of Secondary Metabolites of G. lutescens Cultured In Vitro

HPLC-DAD analysis of methanol extracts obtained from five shoot lines of G. lutescens
showed no significant differences between them in either qualitative or in quantitative
xanthone composition. It can be noticed that all 5 lines produced a lower content of
xanthones compared to the plant material collected in nature (Figure 5). This was not
surprising result since the relatively low number of in vitro plants surpassed wild plants in
terms of the amounts of secondary metabolites [36].

According to ANOVA, cytokinin BA, necessary for shoot multiplication of G. lutescens,
did not have a significant effect on the production of xanthones (Supplementary material,
Figure S1). However, a different effect of BA was reported in G. bulgarica shoots where
xanthone production was strongly affected by BA. Namely, it has been shown that the
content of xanthones linearly increased with increasing BA concentration (0.2–1.0 mg L−1)
in medium [19]. The stimulatory effect of BA on secondary metabolite production has
been shown in shoot cultures of G. austriaca (2.2–4.4 μM) [18] and Gentiana asclepiadea
(4.4 μM) [37] as well.

2.4. The Effect of Sucrose and Sorbitol on Shoot Growth and Xanthone Production

According to ANOVA, increasing concentration of sucrose in the growth medium
significantly affected shoot growth, dry matter, and flowering (Supplementary Material,
Table S1). Thus, additional sucrose, from 58.4 mM to 233.6 mM, gradually decreased
shoot fresh weight and growth index (Figure 6A,C). At the same time, the dry weight of
the shoots was not significantly affected, while dry matter percentage even significantly
increased with rising sucrose concentrations (Figure 6B,D).
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Table 3. Effect of pretreatments with IBA on the rooting of shoots of G. lutescens line 5. After IBA treatment the shoots were
cultivated in liquid PGR-free 1⁄2 MS medium with 2% sucrose and fresh medium was added every 7 days. Experiments
were repeated 2 times with 15–26 shoots per treatment (n = 30–52). Within each group of experiments (distinct color)
means followed by different letters in the column are significantly different according to Fisher’s LSD test at p ≤ 0.05.
SE—standard error.

IBA
(mg L−1)

Auxin Treatment +
PGR-Free Liquid

Medium = Duration of
Experiment (Day)

Explants
No.

Shoot with Root
Primordia (%)

Rooting
(%)

Roots Per Rooted
Explant ± SE

Length of the Longest
Root (mm) ± SE

0.2 50 + 55 = 105 40 12.5 17.5 2.57 ± 0.84 a 7.29 ± 1.49 a
0.5 50 + 55 = 105 52 13.5 7.7 2.25 ± 0.48 a 8.75 ± 2.56 a
1.0 50 + 55 = 105 50 16.0 14.0 3.43 ± 0.95 a 5.86 ± 2.41 a
2.0 50 + 55 = 105 50 6.0 6.0 2.33 ± 0.33 a 10.51 ± 7.51 a

1.0 14 + 66 = 80 34 8.8 0 - -
1.0 21 + 59 = 80 37 8.1 3.3 2.0 ± 0 2.0 ± 0
1.0 28 + 52 = 80 45 13.3 0 - -

2.0 14 + 66 = 80 30 16.7 6.7 4.5 ± 0.5 a 14.0 ± 2.0 a
2.0 21 + 59 = 80 30 16.7 13.3 5.25 ± 1.1 a 13.75 ± 4.27 a
2.0 28 + 52 = 80 33 6.1 0 - -

5.0 1 + 61 = 62 30 13.3 30.0 2.89 ± 0.5 a 12.4 ± 2.02 a
5.0 2 + 61 = 63 30 23.3 33.3 5.4 ± 1.1 b 11.2 ± 2.6 a
5.0 4 + 61 = 65 30 16.7 33.3 3.5 ± 0.6 ab 7.7 ± 1.23 a
5.0 6 + 59 = 65 30 10.0 16.7 2.4 ± 1.2 a 7.6 ± 1.21 a

In plant tissue culture, sucrose serves as a carbon and energy source necessary for
cell division and differentiation [38] and for the regulation of osmotic potential [39]. In the
present study, the highest shoot fresh weight (1600 mg) and the growth index (3.2) were
recorded in the control G. lutescens shoots grown at the lowest (58.4 mM) sucrose. According
to Grattapaglia and Machado [40], sugar concentrations lower or higher than 58.42 mM
can cause chlorosis or explant deterioration, respectively, in in vitro cultures. The increased
concentration of sucrose induces osmotic stress due to enhanced osmotic potential in the
growth medium, which inhibits shoots water and nutrients uptake from the medium [41].
This in turn significantly reduces shoots fresh weight and the growth index as compared to
the dry weight. Osmotic potential may interfere with nutrient abortion by cells, which is
essential to growth and cell division in the aerial parts [42]. This can partly explain
the observations of reduced G. lutescens shoot fresh weights with sucrose concentrations
increasing above 58.4 mM (Figure 6D). Increment of flowering was found (Figure 7) from
0 to 1.4 flowers per Erlenmeyer flask with increasing sucrose concentration from 58.4 in
control to 175.2 mM, respectively, and then gradually decreased at 175.2 mM and 233.6 mM
sucrose (1.2 and 0.4 flowers per Erlenmeyer flask, respectively) (data not shown) and could
be also stress related phenomenon [43].

Additionally, the higher sucrose concentrations at 175.2 and 233.6 mM caused a color
change of G. lutescens shoots from green to yellow–brown along with stunted growth
(Figure 7). High sugar concentrations (45 and 60 g L−1) were found to inhibit the growth of
aerial plant parts [44], with a reduction of photosynthetic pigments content [45] compared
to plants grown on medium without sucrose, as was verified on B. zebrina shoots [46].
The reduction in chlorophyll content in in vitro plants may reduce photosynthetic ability
by decreasing light absorption [47].
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Figure 5. The content of xanthones mangiferin (A), demethylbellidifolin-8-O-glucoside (DMB-8-O-glc) (B), bellidifolin-8-O-
glucoside (bell-8-O-glc) (C), demethylbellidifolin (DMB) (D) bellidifolin (E) in five shoot lines of G. lutescens cultured on BM
+ 0.2 BA mg L−1 for 35 days. Wild G. lutescens herb grown in nature was used as a control. Values are the means ± SE of
four to six biological replicates (n = 4–6). Data of xanthones content in shoot lines were analyzed by one-way ANOVA (F).
The values followed by different letters were significantly different according to Fisher’s LSD test at p ≤ 0.05; asterisk (*)
indicate a significant difference of values between in vitro shoot lines and wild plants samples according to Student’s t-test
at p ≤ 0.05.

On the other hand, although the increased sucrose concentration in the medium above
58.4 mM was not optimal for G. lutescens shoot fresh weight and growth index, continuing
increasing of dry matter percentage G. lutescens shoots over all higher ranges of sucrose
tested was indicative (Figure 6). A positive correlation between sucrose in the medium and
dry matter content in in vitro plants has been previously reported. Increased availability of
sugars in heterotrophic systems has been shown to increase cellulose synthesis, which was
correlated to increase in dry weight [48]. In addition, sucrose cleavage in the medium
results in glucose and fructose production. It may accelerate cell division and consequently
increase the explant weight and volume [49].

Numerous studies indicated sorbitol as the best carbon source for plant multiplication
in many species [50,51], as well as to distinguish nutritive effect of enhanced sucrose in the
growth medium from its osmotic effect. Here, we analyzed the relative impact of increased
sorbitol concentrations on G. lutescens shoot cultures. According to ANOVA, increasing
concentration of sorbitol significantly altered shoot fresh weight, growth index, dry matter
percentage, but not dry weight (Supplementary Material, Table S1).

Results of the present study revealed analogical effect of increasing concentrations of
sorbitol (58.4–233.6 mM) with that of sucrose on G. lutescens shoot fresh weight, dry weight,
and growth index (Figure 6). Moreover, the effect of enhanced sorbitol on increased dry
matter percentage (Figure 6H) at an almost identical range compared to that of sucrose
(Figure 6D) was observed.

Two-way ANOVA indicated that the type of carbohydrate added did not affect the
growth of the shoots, but in vitro flowering and dry matter percentage were significantly
affected. However, the concentrations of carbohydrates significantly affected all traits in
the same trend (Supplementary material, Table S2).
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Figure 6. The effect of increasing concentrations (58.4, 161.8, 175.2, and 233.6 mM) of sucrose
(A–D) and sorbitol (E–H) on the growth of shoot cultures of G. lutescens (line 5) after 35 days of
culture. The increasing concentrations of sucrose or sorbitol were added into control medium (BM +
0.2 mg L−1 BA containing 58.4 mM sucrose). Values are the means ± SE of eight to ten biological
replicates (n = 8–10). Data were analyzed by one-way ANOVA. Values followed by different letters
are significantly different according to Fisher’s LSD test at p ≤ 0.05.

 
Figure 7. The effect of sucrose at increasing concentrations (58.4, 161.8, 175.2, and 233.6 mM) on the
growth and flowering of shoot cultures of G. lutescens (line 5) after 35 days of culture (bar = 20 mm).
The increasing concentrations of sucrose were added into control medium (BM + 0.2 mg L−1 BA
containing 58.4 mM sucrose). Arrows indicate floral bud development. Right—shoot with normally
developed flower regenerated on the medium with 175.2 mM sucrose (bar = 5 mm).
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These findings strongly confirmed osmotic effect of sucrose on G. lutescens and ap-
pointed 58.4 mM sucrose as optimal for shoots growth in vitro.

Regarding the effect of sucrose and sorbitol on the xanthone contents in G. lutescens
shoots, the obtained results showed that increased sucrose concentration stimulated the
production of xanthones, whereas the effect of sorbitol was weak or even absent (Figure 8,
Supplementary Material, Table S3). Namely, the level of either xanthone analyzed sig-
nificantly increased with increasing sucrose in the medium and the highest content of
xanthones was recorded at the higher sucrose concentration applied. Thus, the content
of mangiferin at 233.6 mM of sucrose was more than 3-fold higher compared to shoots
cultured on the control medium containing 58.4 mM of sucrose. The highest sucrose con-
centration enhanced the production of xanthone glucosides DMB-8-O-glc and bell-8-O-glc
for 2.8- and 1.8-times, respectively. The amount of aglycon bellidifolin increased 2.8-times,
while the accumulation of DMB increased more than 4 times compared to the control.

Figure 8. The effect of increasing concentrations (58.4, 161.8, 175.2, and 233.6 mM) of sucrose (A–E)
and sorbitol (F–J) on the content of xanthones mangiferin, demethylbellidifolin-8-O-glucoside (DMB-
8-O-glc), bellidifolin-8-O-glucoside (bell-8-O-glc), demethylbellidifolin (DMB) and bellidifolin in
shoots cultures of G. lutescens (line 5) after 35 days of culture. The increasing concentrations of sucrose
or sorbitol were added into control medium (BM + 0.2 mg L−1 BA containing 58.4 mM sucrose).
Values are the means ± SE of four to eleven biological replicates (n = 4–11). Values denoted by the
same letter are not significantly different according to the Fisher’s LSD test at p ≤ 0.05 following
one-way ANOVA.
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The results presented in Figure 8A–E show that xanthone content linearly increased
with increasing sucrose concentrations, up to 116.8 mM. With additional increase in sucrose
at 175.2 and 233.6 mM, the content of each xanthone reached its highest level. On the
other hand, the content of xanthones in shoots cultured with sorbitol was mainly at the
level recorded in the control shoots. Compared to the control, only the production of
DMB-8-O-glc, DMB, and bellidifolin was slightly higher in shoots cultured with the lowest
sorbitol concentration (Figure 8G–J).

These results indicate that enhanced accumulation of xanthones in shoots caused by
increased concentrations of sucrose might be a consequence of the nutritional effect of
sucrose. Numerous studies have shown that higher content of sucrose in the medium
stimulated the production of useful secondary metabolites in plant cell cultures. Sucrose
is considered to be one of the key sugars in plant life. In addition to its primary building
role, sucrose is also an energy supplier for the production of plant biomass. It is also
involved in growth, development, storage, signaling, plant stress responses and various
metabolic processes [52]. The abundance of sucrose in the culturing medium quite certainly
affects and alters metabolic activities in the shoots of G. lutescens. The accretion of available
source of carbon and energy directs metabolic pathways to formation more complex
compounds with a large carbon skeleton, such as xanthones. Further, xanthones may
undergo hydroxylation reactions to give xanthone glycosides. As explained in our previous
study on the root cultures of Gentiana dinarica, higher metabolic activities, due to the
increase of available carbohydrates sources as biochemical substrates, may direct xanthone
biosynthesis to the enhanced production of xanthone glycosides [28].

The similar positive effect of increased sucrose in the medium on the xanthone content
has been reported in Centaurium erythraea cultured in vitro [53]. The higher sucrose con-
centration was more favorable for accumulation of phenols, flavonoids, chlorogenic acid,
and total hypericin in adventitious root cultures of Hypericum perforatum [54]. The roots of
Gentiana dinarica produced higher content of xanthones when cultured on medium with
more sucrose [28].

2.5. The Effect of Elicitors JA, MeJA and SA on Shoot Growth and Xanthone Production

The elicitation process is indicated as very complex and is subject to many factors,
such as elicitor concentration, shoot growth stage, as well as the time of plant tissue
exposure to the elicitor [55,56].

In an attempt to enhance xanthones production, JA, MeJA and SA at increasing
concentrations (100–500 μM) were applied in shoot culture of G. lutescens. Plant tissue
responds relatively rapidly (from several hours to several days) to elicitation to induce
the synthesis of secondary metabolites [57,58] while prolonged exposure to elicitor may
reduce their accumulation over time. For example, the highest production of bacoside in
shoots of Bacopa monnieri was obtained in the first 7 days of elicitation with MeJA [59] and
JA [60]. Guided by the positive results of the elicitation protocol for Withania somnifera with
SA and MeJA [61], shoot growth and xanthones amounts were analysed in G. lutescens
shoots cultivated for 7 days on an elicitor-containing medium and another 7 days on an
elicitor-free medium.

Figure 9A shows that growth index of the shoots significantly increased after SA low
concentration (100 μM) treatment and significantly decreased after treatment with MeJA at
the highest one (500 μM), whereas shoot growth was not affected by JA at all concentrations
(Figure 9A, Supplementary Material, Table S4). The positive effect of low concentration of
SA on G. lutescens is not surprising. In general, low concentrations of applied SA promote
plant growth under unfavorable conditions. In contrast, high SA concentrations inhibit
growth, while the threshold between low and high concentrations depend on plant species.
It was shown that SA exhibited growth-promoting (50 μM) and growth-inhibiting (250 μM)
effect on Matricaria chamomilla seedlings [62].
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Figure 9. Effect of elicitors jasmonic acid (JA), methyl jasmonat (MeJA) and salicilic acid (SA) at increasing concentrations
(100, 200, 300, and 500 μM) on the growth index and xanthone production of shoot cultures of G. lutescens (line 5).
Growth index (A), mangiferin (B), DMB-8-O-glc (C), bell-8-O-glc (D), DMB (E), and bellidifolin (F) content. Data represent
means ± SE of four to seven biological replicates (n = 4–7). Values denoted by the same letter are not significantly different
according to the Fisher’s LSD test at p ≤ 0.05 following ANOVA multifactorial analysis.

SA, JA, and MeJA, were reported to elicit a wide spectrum of phytochemicals in differ-
ent plant species by inducing the expression of genes for various biosynthetic pathways.
Thus, MeJA was reported to stimulate rosmarinic acid accumulation in the cell cultures of
Satureja khuzistannica [63] and anthocyanins in shoot cultures of Prunus salicina × P. per-
sica [64], while SA stimulated the production of hypericin and pseudohypericin in the cell
cultures of Hypericum perforatum [27].

In G. lutescens shoot cultures, all tested elicitors contributed almost equally to enhance
accumulation of xanthones magniferin, DMB-8-O-glc, and bell-8-O-glc, while MeJA was su-
perior for elicitation of xanthone aglycons DMB and bellidifolin (Figure 9B–F). The content
of xanthone glucosides mangiferin, DMB-8-O-glc, and bell-8-O-glc at all applied concentra-
tion of JA was almost 2-fold higher than in control shoots. However, with the increase in
MeJA concentration, production decreased to the level of non-elicited controls. When SA
was applied for elicitation, increased concentration did not significantly affect the level of
mangiferin, but reduced the content of DMB-8-O-glc and bell-8-O-glc.

In contrast to xanthone glucosides, the production of aglycones DMB and bellidifolin
were not affected or only slightly enhanced upon treatment with lower concentrations of JA
and SA. However, shoots elicited with the higher MeJA concentrations showed a significant
increase in accumulation of both aglycones. The highest DMB and bellidifolin content
(1.14 mg g−1 DW and 1.68 mg g−1 DW, respectively) was recorded at a concentration of
500 μM MeJA which was 7.4 and 7.6 times higher than in the control shoots, respectively.

A similar positive effect of elicitors on production of xanthone aglycones in hairy
roots of G. dinarica was reported by Krstić-Milošević et al. [65], where application of biotic
elicitors strongly increased production of aglycone norswertianin while simultaneously
reducing the production of its glycoside norswertianin-1-O-primeveroside. These findings
pointed out a selective accumulation of specific xanthone compounds upon treatment
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with elicitors. In G. lutescens shoots they suppressed glycosylation, the late step of the
constitutive pathway, leading to increased accumulation of xanthone aglycones. High level
of xanthone aglycones is important defensive mechanism for protection the plant cells
from oxidative damage, as well as to impair pathogen growth.

Different observations have been recorded regarding the individual efficacy of the par-
ticular elicitor compounds. Elicitation effect of MeJA was higher in the production of gym-
nemic acid in cell suspension of Gymnema sylvestre [66], and iridoids and phenylethanoids
in the hairy root culture of Rehmannia glutinosa [67]. MeJA has also been demonstrated to
increase xanthone production in H. perforatum cell suspension cultures [25] and in combi-
nation with sucrose showed remarkable stimulating effects on hypericin and hyperforin
production [68]. On the other hand, higher elicitation effect of SA compared to MeJA was
reported for withanolides production from Withania somnifera [61]. SA was also more favor-
able for kinsenoside accumulation and had an equal effect on polysaccharide accumulation
with MeJA during A. roxburghii rhizome culture [69].

However, many reports suggested that along with the choice of suitable elicitor
compound its benefit for the production of metabolite of interest also depended on the
concentration used and duration of elicitor treatment.

In G. lutescens shoots increased concentration of MeJA showed different effect on
accumulation of xanthones. The highest MeJA dose (500 μM) led to the highest DMB
and bellidifolin content, while on the other hand strongly reduced the production of
xanthone glucosides. A similar effect of SA on accumulation of cardiac glycosides has
been shown in shoot cultures of Digitalis purpurea [70]. Namely, addition of 50 μM SA
promoted production of digitoxin, but increasing concentrations of SA drastically reduced
its content. On the contrary, digoxin accumulation was increased in the shoots with an
increase in SA concentration up to 200 μM. The flavonoid production of H. perforatum cell
cultures was significantly promoted by 100 μM MeJA [26], while 4.46 μM MeJA increased
the isoflavonoid content in Pueraria mirifica cell culture [71]. JA has also been reported as an
effective elicitor of secondary metabolite production in many plant species. Thus, enhanced
production of oleanolic acid was obtained in cell suspension cultures of Calendula officinalis
by elicitation with 100 μM JA for 72 h [72], while supplementation of 50 μM JA on day
12 induced the highest anthraquinone content in cell suspension cultures of Morinda
elliptica [73].

In summary, the findings of the current study suggest that the effectiveness of elici-
tation of secondary metabolites depends on several factors, including the type of elicitor,
the elicitor concentration, the time of exposure to elicitor treatment, and the culture condi-
tions [74].

3. Materials and Methods

3.1. Plant Material

Gentianella lutescens plants at fruitful stage were collected in September 2015 in their
native habitat on the southern outskirts of the large mountain field Veliko Košlje at Povlen
Mountain, in the locality of Razbojište (latitude 440 10′ 3.43′′ north and longitudes 140 37′
33.474′′ east), the Republic of Serbia. A voucher specimen (Co. 6392113/04) was deposited
in the Herbarium at the Natural History Museum, Belgrade.

3.2. In Vitro Seed Germination and Shoot Culture Initiation

Immature fruits harvested from collected plants were disinfected in 100 mL 20% (v/v)
commercial bleach solution (4–5% NaOCl) with two drops of liquid detergent (Fairy®) for
25 min and then rinsed 3 times with sterile distilled water.

Immature seeds (1.5 mm) were isolated under stereomicroscope and germinated in
Ø90 mm Petri dishes filled with 25 mL of germinating medium consisting of Murashige and
Skoog’s (MS) mineral salts [75], LS vitamins [76], and 0.64% (w/v) agar (Institute of Virology,
Vaccines and SeraTorlak, Belgrade, Serbia). For shoot culture initiation, the epicotyl explants
were isolated from 7-day old seedlings from five seedling lines and placed onto shoot
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induction medium, which was basal medium (BM) consisting of MS mineral salts, LS
vitamins, 100 mg L−1 myo-inositol (Sigma-Aldrich, Steinheim, Germany)), 58.4 mM sucrose
with addition 0.2 mg L−1 BA. The medium was gelled with 0.64% (w/v) agar (Institute of
Virology, Vaccines and SeraTorlak, Belgrade, Serbia). Individual epicotyl explant of each
seedling line was cultured separately in 100-mL wide-neck Erlenmeyer flask with cotton-
wool plugs. Obtained shoots were maintained on the same medium (BM + 0.2 mg L−1 BA)
and subcultured every 5 weeks on fresh medium. For shoot multiplication, 8–10 shoots of
the same line were cultured in Erlenmeyer flask containing basal medium with addition of
BA at increasing concentrations 0, 0.05, 0.1, 0.2, 0.5, 1.0, and 2.0 mg L−1 for 5 weeks and the
number of propagated shoots were recorded. Multiplication index was calculated as main
shoot + new axillary shoots (length ≥ 2 mm).

For rooting, solid 1⁄2 MS medium supplemented with 2% sucrose and increasing (0.2,
0.5, 1.0, 2.0, and 5.0 mg L−1) IBA (indole-3-butyric acid, Sigma-Aldrich) was used. Different
durations of root induction treatment were applied, lasting 1–6 days at 5 mg L−1 IBA to
50 days at 0.2–2.0 mg L−1 IBA (Table 3). For elongation of induced roots, the shoots were
transferred into liquid PGR-free 1⁄2 MS medium in the test tubes 20 × 150 mm with metal
holders containing ≈15 mL of liquid medium. Elongation treatments lasted from 52 to
66 days depending on the concentration of auxin applied (Table 3). Two replicates with
15–26 shoots per rooting treatment were performed and the percentage of rooted shoots
and root features were estimated.

All media pH was adjusted to 5.8 prior to autoclaving for 25 min at 114 ◦C. Cultures were
grown at 25 ± 2 ◦C in a controlled environment room illuminated with cool-white Phillips
fluorescent lamps providing 35–45 μmol m−2 s−1 under a 16-h (long day) photoperiod.

3.3. Increase in Sucrose and Sorbitol Level

To examine the effect of enhanced osmotic pressure on the shoot growth and xanthone
production, 400 mg of G. lutescens shoots were cultivated per Erlenmeyer flask on BM +
0.2 mg L−1 BA wherein sucrose or sorbitol at increasing concentrations 58.4, 116.8, 175.2,
233.6 mM were added. Shoot growth was measured after 5 weeks of culture in terms of
fresh weight and dry weight of shoots per Erlenmeyer flask. Growth index [(final fresh
weight − initial fresh weight)/initial fresh weight], % dry matter [(dry weight/final fresh
weight) × 100], and accumulation of xanthones were determined for the harvested shoots.

3.4. Elicitor Preparation and Application

Jasmonic acid (JA, Duchefa), methyl jasmonate (MeJA, Duchefa) and salicylic acid
(SA, Duchefa) 10 mM stock solutions were prepared in 50% (v/v) ethanol and then filter-
sterilized using 0.22 μm filter. The shoots (400 mg weight) were isolated from 35–40-day-old
cultures and grown in BM + 0.2 mg L−1 BA supplemented with elicitors at the follow-
ing final concentrations: 100, 200, 300, and 500 μM. The treatment with elicitor lasted
7 days, and then the shoots were cultured on a control medium for another 7 days. Control
shoots were cultured on BM + 0.2 mg L−1 BA without elicitors. At the end of the exper-
iment growth index [(final fresh weight − initial fresh weight)/initial fresh weight] and
accumulation of xanthones were determined for the harvested shoots.

3.5. Xanthone Extraction and Conditions for HPLC-DAD Analysis

Xanthone compounds extraction from dry powered plant material was performed
as previously reported by Krstić-Milošević et al. [77]. Obtained extracts were filtered into
volumetric flasks (10 mL) and adjusted to the volume with methanol. Prior to HPLC
analysis, extracts were filtered through a nylon syringe filters (Captiva syringe filters,
0.45 mm, 13 mm, Agilent Technologies, Waldbronn, Germany). Chromatographic analysis
was carried out on Agilent series 1100 HPLC instrument (Agilent Technologies, Waldbronn,
Germany), with a diode array detector, on a reverse phase Zorbax SB-C18 (Agilent Tech-
nologies, Waldbronn, Germany) analytical column (150 mm × 4.6 mm i.d., 5 μm particle
size) thermostated at 25 ◦C. The mobile phase consisted of two solvents: A (1% v/v solution
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of orthophosphoric acid in water) and B (acetonitrile) in the following gradient elution:
98–90% A 0–5 min, 90% A 5–13 min, 90–75% A 13–15 min, 75% A 15–18 min, 75–70% A
18–20 min, 70–40% A 20–24 min, 40–0% A 24–28 min. The injection volume was 5 μL.
Detection wavelengths were set at 260 and 320 nm, and the flow rate was 1 mL min−1.
The isolation, identification, and characterization of xanthones demethylbellidifolin-8-O-
glucoside (DMB-8-O-glc), bellidifolin-8-O-glucoside (bell-8-O-glc), demethylbellidifolin
(DMB) and bellidifolin were reported in previous study [40]. Mangiferin was purchased
from Sigma-Aldrich (Steinheim, Germany). Quantification was performed using stan-
dardized calibration curves of xanthones. The content of xanthones in the samples was
determined by calculation of peak area and expressed as milligrams per gram of dry weight.

3.6. Statistical Analysis

All in vitro culture experiments were repeated at least 2–4 times with 15–40 shoots/explants
per treatment. Biochemical analyses were repeated 4–11 times. The data were subjected to
standard one-way analysis of variance (ANOVA) except the data related to the effects
of elicitors where two-way ANOVA was applied. Percentage data were subjected to an-
gular transformation before statistical analysis, followed by inverse transformation for
presentation. Means and standard errors were calculated for numerical parameters and
their differences was analyzed by t-test or Fisher’s multiple range LSD test at p ≤ 0.05
using the StatGraphics Plus software package for Windows 2.1 (Statistical Graphics Corp.,
Rockville, MD, USA).

4. Conclusions

The present study represents the first achievement in establishing an in vitro culture
of G. lutescens that can be used for mass shoot propagation, significantly contributing
to the preservation of this valuable medicinal plant. This is also the first report on the
composition of pharmacologically active xanthones in wild and tissue cultured shoots
of G. lutescens. The promising in vitro protocol included sterile germination of immature
seeds on PGR-free MS medium, establishment of shoot culture from epicotyl explants
isolated from seedlings on MS + 0.2 mg L−1 BA, as well as shoot multiplication and
elongation on the same substrate. Satisfactory rooting included two phases, root induction
on 1⁄2 MS medium with 5.0 mg L−1 IBA for 2 days, followed by root elongation in liquid
PGR-free 1⁄2 MS medium for 60 days. The results indicated that the use of increased sucrose,
as well as abiotic elicitors JA, MeJA and SA stimulated the accumulation of bioactive
xanthones in tissue-cultured shoots. Multiple increases of the amount of aglycones BMD
and bellidifolin was achieved by applying MeJa at the highest concentration. Since in vitro
shoot cultures of G. lutescens were proved as a prospective modality for the accumulation
of xanthones of significant interest, advanced conditions will be applied in further studies
for the production of metabolites in large-scale in bioreactors. These achievements increase
the commercial prospects of G. lutescens in the medicinal plant industry.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10081651/s1, Figure S1: The effect of increasing concentrations of BA (0–2 mg L−1)
on the content of xanthones mangiferin (A), demethylbellidifolin-8-O-glucoside (DMB-8-O-glc) (B),
bellidifolin-8-O-glucoside (bell-8-O-glc) (C), demethylbellidifolin (DMB) (D), and bellidifolin (E)
in shoots cultures of G. lutescens line 5 after 35 days of cultivation. Values are the means ± SE
of six biological replicates (n = 6). Data were analysed by one-way ANOVA (F). Values followed
by different letters are significantly different according to Fisher’s LSD test at p ≤ 0.05. Table S1:
The results of nested ANOVA for the effects of increasing sucrose and sorbitol concentrations on the
growth parameters (growth index, fresh and dry weight and % of dry matter) of shoot cultures of
G. lutescens line 5. The bold values indicate statistically significant differences (p ≤ 0.05). Table S2:
The results of two-way ANOVA for the influence of carbohydrate type (sucrose or sorbitol) and their
concentrations on in vitro growth and flowering of shoots of G. lutescens. The bold values indicate
statistically significant differences (p ≤ 0.05). Table S3: The results of nested ANOVA for the effects
of increasing sucrose and sorbitol concentrations on the xanthones production in shoot cultures of
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G. lutescens line 5. The bold values indicate statistically significant differences (p ≤ 0.05). Table S4:
The results of nested ANOVA for the effects of elicitor type and concentrations on the shoot growth
and xanthones production in shoot cultures of G. lutescens line 5. The bold values indicate statistically
significant differences (p ≤ 0.05).

Author Contributions: Conceptualization, B.V. and D.K.-M.; methodology, B.V., D.V. and D.K.-M.;
validation, N.B. and D.K.-M.; formal analysis, N.B.; investigation, T.J., D.K.-M. and B.V.; data
curation, B.V. and N.B.; writing—original draft preparation, N.B., B.V. and D.K.-M.; visualization,
T.J.; supervision, B.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Education, Science and Technological Devel-
opment, Republic of Serbia under contract 451-03-9/2021-14/200007.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. von Hagen, K.B.; Kadereit, J.W. The phylogeny of Gentianella (Gentianaceae) and its colonization of the southern hemisphere as
revealed by nuclear and chloroplast DNA sequence variation. Org. Divers. Evol. 2001, 1, 61–79. [CrossRef]
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Abstract: Culinary rhubarb is a popular vegetable crop, valued for its long, thickened stalks, very rich
in different natural bioactive ingredients. Tissue cultures are a useful tool for vegetative propagation
of virus-free rhubarb plants and rapid multiplication of valuable selected genotypes. The aim of
this study was to develop an effective method for in vitro propagation of selected genotypes of
Polish rhubarb ‘Malinowy’ characterized by high yield and straight, thick and intensive red stalks.
Identification and quantification of anthocyanins and soluble sugars by the HPLC method in shoot
cultures and ex vitro established plantlets were also performed. Shoot cultures were established
from axillary buds isolated from dormant, eight-year-old rhizomes. Effective shoot multiplication
of rhubarb ‘Malinowy’ was obtained in the presence of 6.6 μM benzylaminopurine or 12.4 μM
meta-topolin. Both cytokinins stimulated shoot formation in a manner that depended on sucrose
concentration. Increasing the sucrose concentration from 59 to 175 mM decreased the production
of shoots and outgrowth of leaves by 3-fold but enhanced shoot length, single shoot mass and
callus formation at the base of shoots. This coincided with increased accumulation of soluble sugars
(fructose, glucose) and anthocyanins-cyanidin-3-O-rutinoside (max. 208.2 mg·100 g−1 DM) and
cyanidin-3-O-glucoside (max. 47.7 mg·100 g−1 DM). The highest rooting frequency (94.9%) and
further successful ex vitro establishment (100%) were observed for shoots that were earlier rooted
in vitro in the presence of 4.9 μM indole-3-butyric acid. Our results indicated that anthocyanin
contents in leaf petioles were influenced by developmental stage. Under in vitro conditions, it is
possible to elicit those pigments by sucrose at high concentration and meta-topolin.

Keywords: anthocyanins; meta-topolin; micropropagation; Rheum; soluble sugars; sucrose concentration

1. Introduction

Rhubarb (Rheum) is a herbaceous perennial of the Polygonaceae family. The genus
Rheum includes about 60 species, and most of them are native to the northern and central
regions of Asia [1]. For thousands of years, Rheum has been cultivated in China for
medicinal purposes. The dried rhizomes and roots of medicinal species (R. palmatum L.,
R. officinale Baill, R. tanguticum Maxim.) have been used to treat constipation, inflammation
and ulcers [2,3].

Culinary rhubarb is popular as a vegetable crop, valued for its long, thickened
stalks [4]. They are used in the production of desserts, cakes, jam, juices, fruit teas and
wine. The use of rhubarb petioles for food was discovered at the beginning of the 18th
century in Great Britain, but widespread consumption of rhubarb stalks began in the early
19th century. Culinary rhubarb cultivation spread to northern Europe, North America,
Australia and New Zealand. Worldwide rhubarb production and consumption peaked just
before the Second World War, then it came to be restricted [5]. Recently, there has been an
increased interest in rhubarb production in Europe, including in Poland. This is due to the
higher interest of consumers and the food industry in functional food [6]. It is known that
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rhubarb stalks contain useful levels of organic acids (malic acid, citric acid, fumaric acid
and ascorbic acid), dietary fiber, protein, potassium, calcium and magnesium [7]. They
are also rich in polyphenolic compounds, such as stilbenes, anthocyanins and flavonols,
which have a range of bioactivities relevant to human health [8–10]. Rhubarb juice may
be used as a natural food preservative. It has been shown that the addition of rhubarb
juice to strawberry jams or apple purees reduced unfavorable color changes and increased
antioxidant properties [7]. Consumers and the food industry prefer red stalks that are
sweeter and have a higher content of polyphenolics. It has been shown that the level and
composition of phenolic compounds depend on the rhubarb cultivar [11].

The culinary rhubarb called R. rhaponticum L. is a hybrid between rhubarb species
originally brought to Europe for medicinal purposes—R. rhaponticum, R. undulatum L.
(syn. R. rhabarbarum L.) and R. palmatum L. [5,12]. At an early stage, growers in England
started to develop culinary rhubarb cultivars, including the still-common ‘Victoria’ and
‘Prince Albert’. Nowadays, the number of culinary rhubarb cultivars is difficult to estimate.
Propagation of culinary cultivars by seed and careful selection of superior plants resulted
in the development of many local cultivars with marked improvement in yield, quality
and uniformity.

For successful commercial cultivation of rhubarb genotypes, a planting material
of good quality is very important. In horticultural practice, seed propagation is not
recommended because the obtained plants are usually not uniform and do not repeat
parental traits. Plants differ in height, habit, shape and intensity of petiole color, as well as
petiole size and number [13]. On the other hand, the production of rhubarb by division
of crowns is limited by the low number of donor plants available and the risk of virus
transfer. Rhubarb crops were found to be infected with several viruses. The most common
are: Turnip mosaic virus (TuMV), Arabis mosaic virus (ArMV), Cucumber mosaic virus (CMV)
and Cherry leaf roll virus (CLRV) [14–17]. A good alternative for the production of high-
quality planting material is in vitro propagation of virus indexed rhubarb plants. Moreover,
tissue culture of rhubarb can be a source of bioactive compounds. In rhizomes and leaf
petioles of Rheum rhabarbarum, the accumulation of catechin, gallic acid, p-cumaric acid,
rosmarinic acid, isoquercitrin and resveratrol has been reported [18]. Several articles have
been published on the vitro propagation of different culinary rhubarb selections [18,19] and
cultivars, including ‘Victoria’ [20], ‘Big Red’ [16] and ‘Karpov Lipskiego’ [21]. For many
genotypes, bacteria contaminations, slow culture establishment, low activity of axillary
buds and hyperhydricity have been reported [16,18,20]. Mentioned difficulties caused that
commercial micropropagation of some valuable rhubarb selections, including ‘Malinowy’,
has not been attained.

The aim of this study was to develop an efficient in vitro propagation technology for
the selection of rhubarb ‘Malinowy’. Identification and quantification of anthocyanins and
soluble sugars by the HPLC method in shoot cultures and ex vitro established plantlets
were performed. The development of procedures for rapid in vitro clonal propagation of
value rhubarb genotypes may be of great commercial value to the rhubarb industry.

2. Results

2.1. Culture Initiation

Shoot cultures were initiated from axillary buds isolated from dormant, eight-year-
old rhizomes. We obtained 51.9–67.6% uncontaminated explants that developed shoots.
Contamination of initial explants of Rheum ‘Malinowy’ partly depended on the sanitary
status of the mother plant (Table 1, Figure 1A). In MS medium without growth regulators,
no explant developed shoots (Table 2). Shoot tips and axillary buds cultured in MS
media supplemented with BAP and GA3 or NAA started to develop into single shoots
in 2–3 weeks (Figure 1B). After 3–4 subcultures in the same fresh medium, new shoot
formation was observed (Figure 1C). The best growth and development of initial shoots
from dormant buds was observed in the modified MS medium containing 75% nitrogen
salts, 4.4 μM BAP and 0.3 μM GA3 (Table 2). After three subcultures in media containing
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BAP + NAA, the developed shoots of ‘Malinowy’ were characterized by pale green leaves
and a tendency to hyperhydricity, some of which died. The negative effect of auxin was
enhanced when full-strength MS medium was used. It was observed that lowering the
strength of nitrogen salts by one quarter in MS medium containing BAP + GA3 slightly
enhanced new shoot formation from initial explants (Table 2).

Table 1. Effect of mother (donor) plants on contamination of initial explants of Polish rhubarb ‘Malinowy’ in vitro.

Donor Plants
Total Number

of Explants

Contaminated Explants (%) Uncontaminated
Explants that Did Not
Developed Shoots (%)

Uncontaminated
Explants that Developed

Shoots (%)Bacteria Fungi

M1 * 34 29.4 - 3.0 67.6
M2 56 28.6 10.7 8.8 51.9

* ‘Malinowy’.

Figure 1. Initiation and stabilization stage of culinary rhubarb ‘Malinowy’ micropropagation:
(A) 8-year-old mother plant collected from the plantation at the beginning of November; (B) initial
shoot developed from axillary bud after 3 weeks of culturing in initiation medium; (C) the multiplied
shoots at the stabilization stage.

Table 2. Influence of nitrogen salts (75% and 100% MS medium) and growth regulators on the
survival rate and initial shoot formation of rhubarb ‘Malinowy’ after 3 subcultures in the same
fresh medium.

Propagation Medium Survival Rate (%) Shoot Number/Explant

100% MS control (hormone free) 0 -
100% MS + 4.4 μM BAP + 0.3 μM GA3 95.3 1.69 bc 1

100% MS + 4.4 μM BAP + 0.1 μM NAA 58.7 1.07 a
75% MS + 4.4 μM BAP + 0.3 μM GA3 94.1 1.92 c
75% MS + 4.4 μM BAP + 0.1 μM NAA 72.0 1.31 ab

1 Means marked with the same letter do not differ significantly (p = 0.05) according to Duncan’s test; the lowest
value is marked with “a”.

2.2. Shoot Multiplication

The results of our study showed that adenine-type cytokinin (BAP and mT) was effec-
tive in the stimulation of shoot formation of rhubarb ‘Malinowy’ in vitro. It was observed
that BAP was the most effective in the stimulation of shoot formation when applied at a
concentration of 6.6 μM and meta-topolin at 12 μM (Figure 2). The next experiment showed
the cytokinin effect on rhubarb shoot formation and quality significantly depended on
sucrose supply. The highest multiplication rate (4.8–4.9 shoots/explant) was observed in
medium with the lowest sucrose content (59 mM) and in the presence of 6.6 μM BAP or
12.4 μM mT, respectively. Increasing the sucrose supply from 59 to 175 mM in the cytokinin
medium decreased the production of shoots and outgrowth of leaves by 3-fold but en-
hanced shoot length, single shoot mass and callus formation at the base of shoots (Table 3).
Progression of shoots from a juvenile to adult phase (shoots with large, dark-green leaf
petioles, single root) was also observed (Figure 3A). At 117 mM sucrose in the medium, leaf
petioles started to turn red, and increased sucrose supply intensified the color of rhubarb
leaf petioles under in vitro conditions. Despite the highest shoot formation rate of rhubarb
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‘Malinowy’ in medium with low sucrose content (59 mM), cyclic multiplication, especially
in the presence of mT, resulted in the formation of pale green shoots, with small leaf
blades and a tendency to hyperhydricity and deformation. On the other hand, meta-topolin
stimulated more juvenile shoot formation at higher sucrose levels compared to BAP. This
resulted in higher shoot production at 88 mM sucrose and higher shoot quality at high
exogenous sucrose supply. Shoots produced in BAP medium with high sucrose content
(175 mM) showed a tendency to leaf yellowing and swelling shoot bases (Figure 3B).

Figure 2. Effect of different cytokinin types (BAP, mT) and concentrations (4.4, 6.6, 12.4 μM) on shoot
formation of rhubarb ‘Malinowy’ after a 4-week subculture period. Sucrose concentration in the
medium was 88 mM. Medium without cytokinin was the Control. Means marked with the same
letter do not differ significantly (p = 0.05) according to Duncan’s test.

Table 3. Effect of cytokinin type (BAP, mT) and sucrose levels on shoot formation, fresh mass of shoots, leaf number and
shoot length of rhubarb ‘Malinowy’ after a 4-week subculture period.

Cytokinin
Type

Sucrose
Concentration

(mM)

Fresh Mass (g)
Shoot

Number
Shoot Length

(mm)
Leaf Number/

ClumpShoot
Clump

Callus Single Shoot

BAP

59 1.90 bc 1 0.170 a 0.395 a 4.8 e 31.6 a 25.1 d
73 2.37 cd 0.162 a 0.566 b–c 4.3 de 37.5 bc 21.5 d
88 1.68 ab 0.261 a–c 0.586 bc 3.1 bc 38.5 bc 16.9 c
117 1.28 a 0.362 b–d 0.653 c–d 2.2 ab 42.4 cd 11.5 b
175 1.41 a 0.532 e 0.907 e 1.5 a 49.0 e 8.9 ab

mT

59 2.51 d 0.256 a–c 0.446 ab 4.9 e 30.9 a 32.1 e
73 2.31 d 0.237 ab 0.522 a–c 4.7 e 36.6 b 24.6 d
88 1.61 ab 0.423 de 0.494 a–c 3.7 cd 40.1 b–d 12.7 b
117 1.31 a 0.402 c–e 0.576 b–c 2.3 ab 38.9 bc 11.7 b
175 1.28 a 0.430 de 0.768 de 1.7 a 44.8 de 6.9 a

1 Means indicated with the same letter within cytokinin type and sucrose levels do not differ significantly (p = 0.05) according to Duncan’s
test; the lowest value is marked with “a”.

2.3. Soluble Sugar and Anthocyanin Contents in Leaf petioles

Among tested soluble sugars, fructose and glucose were dominant in leaf petioles of
rhubarb ‘Malinowy’ after a 4-week subculture period in multiplication medium. Sorbitol
was not detected in rhubarb ‘Malinowy’. The content of soluble sugars in leaf petioles
varied significantly depending on sucrose concentration in the medium and cytokinin
type. Increasing sucrose concentration (from 59 to 175 mM) resulted in an increase in
endogenous soluble sugar content by 60% and 75% in the presence of BAP and mT, respec-
tively. Generally, BAP influenced higher fructose and glucose accumulation compared to
meta-topolin, especially at the lowest sucrose level in the medium. In medium with BAP
and high sucrose content (175 mM), the accumulation of a small amount of sucrose was
also observed (Figure 4).
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Figure 3. In vitro shoot formation, rooting and acclimatization of culinary rhubarb ‘Malinowy’.
(A) Shoots multiplicated in mT medium containing different levels of sucrose (from the left: 59, 73,
88 and 175 mM); (B) shoots from BAP medium containing 175 mM sucrose; (C) leaf petioles from
mT medium containing 175 mM sucrose; (D) shoot cultures; (E) roots three weeks after transfer
to medium with 0.49 μM IBA; (F) roots three weeks after transfer to medium with 4.9 μM IBA;
(G) shoots rooted in the presence of 4.9 μM IBA; (H) roots after 4 weeks in medium with 4.9 μM
IBA; (I–J) plantlets four weeks after transfer to ex vitro conditions (growth room); (K–L) plantlets six
weeks after transfer to the greenhouse; (M–O) plantlets nine weeks after transfer to the greenhouse;
(N–P) leaf petioles after different periods of growing ex vitro.
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Figure 4. Contents of soluble sugars in culinary rhubarb ‘Malinowy’ after a 4-week subculture period
in medium containing different cytokinin types: BAP (6.6 μM) and mT (12.4 μM) and sucrose levels
(59, 73, 88, 117 and 175 mM); * not detectable. Duncan’s test was used independently for each type of
cytokinin and sucrose concentration. Different letters indicate significant differences among sucrose
treatments (p = 0.05).

We found that exogenous sucrose levels and cytokinin type had a significant effect on
anthocyanin accumulation in rhubarb ‘Malinowy’ under in vitro conditions
(Figures 3A and 5). The most abundant anthocyanin compound was cyanidin-3-O-rutinoside
(max. 208.2 mg·100 g−1 DM), followed by cyanidin-3-O-glucoside (max. 47.7 mg·100 g−1 DM).
Both cyanidin levels were enhanced in rhubarb leaf petioles by increased sucrose concentra-
tion in the medium. At a high sucrose level (175 mM), the production of anthocyanins was
significantly stimulated by cytokinin. It was found that meta-topolin resulted in 50% higher
content of anthocyanins in rhubarb petioles compared to BAP (Figure 5).

Figure 5. Contents of anthocyanin in culinary rhubarb ‘Malinowy’ after a 4-week subculture period
in medium containing different cytokinin types: BAP (6.6 μM) and mT (12.4 μM) and sucrose levels
(59, 73, 88, 117 and 175 mM). Means indicated with the same letter within cytokinin treatment do not
differ significantly (p = 0.05) according to Duncan’s test.

2.4. Rooting and Acclimatization

Under in vitro conditions, roots emerged 1–2 weeks after transfer to the rooting media.
As shown in Table 4, rooting of culinary rhubarb ‘Malinowy’ was significantly affected by
IBA levels. In auxin-free medium, roots formed with the effectiveness of 40%. Application
of IBA resulted in an increase in root formation in a concentration-dependent manner
(Table 4). The best rooting response (94.9% rooting frequency; 10.7 roots/shoot) was
observed in the presence of IBA at the concentration of 4.9 μM (Figure 3F). In all treatments,
root length progressively increased with time (Figure 3F) and resulted in their damage
during transfer to ex vitro conditions (Figure 3H).

44



Plants 2021, 10, 1768

Table 4. Rooting response of rhubarb ‘Malinowy’ shoots after three-week growth in MS medium
without auxin (control) and supplemented with IBA at different concentrations (0.49, 2.5, 4.9 μM).

Treatment
Auxin Con-
centrations

(μM)

Rooting
Frequency

(%)

Root Num-
ber/Shoot

Root Length
(mm)

Shoot
Length
(mm)

Control 0.0 40.0 a 1 2.1 a 29.2 b 75.2 a

IBA
0.49 55.9 b 2.5 a 28.8 b 72.0 a
2.5 82.0 c 2.6 a 30.3 b 77.8 a
4.9 94.9 d 10.7 b 13.84 a 78.5 a

1 Means of each parameter marked with the same letter do not differ significantly (p = 0.05) according to Duncan’s
test; the lowest value is marked with “a”.

We then compared the efficiency of acclimatization of rhubarb shoots rooted in vitro
and directly ex vitro. The development of the root system was evaluated on a three-point
scale (Figure 6). It was observed that in vitro rooted shoots rapidly developed a root
system (Table 5, Figure 3J). Three weeks after transfer to ex vitro conditions, roots were
visible through the walls of the peat plugs. This resulted in more vigorous growth of
shoots and higher ability to tolerate low humidity compared to shoots directly rooted and
acclimatized. After four weeks of acclimatization, in vitro rooted shoots were transferred
to the greenhouse. Ex vitro rooted shoots needed at least 7–8 weeks to develop a root
system and acclimatize. However, after this period of time, the rooting rate was poorer
than after 4-week acclimatization of shoots rooted in vitro. The ex vitro establishment rate
of in vitro rooted shoots was 100%, while those rooted ex vitro survived with 83%.

Figure 6. Development of the root system of culinary rhubarb ’Malinowy’ on a 1–3 scale.

Table 5. Effect of microcutting status (rooted, unrooted) on survival, shoot growth and root system
development of Rheum ‘Malinowy’ after 4 weeks of growth ex vitro (growing room).

Type of Microcutting Survival Frequency (%) Cutting Length (mm) Rooting Index

Unrooted 83 72.8 a 1 1.9 a
Rooted 100 107.0 b 2.9 b

1 Means of each parameters indicated with the same letter do not differ significantly (p = 0.05) according to
Duncan’s test; the lowest value is marked with “a”.

After transfer to the greenhouse, growth of the plantlets tended to decrease, and
yellowing of the oldest leaves was observed. As shown, soluble sugar and anthocyanin
contents in leaf petioles were very low at this stage of growth in the greenhouse (Table 6).
On sunny days, the plantlets needed shading. After two weeks, new leaves started to
develop. Six weeks after transfer to the greenhouse, the average length of leaf petioles was
enhanced by 15.6% and leaf area by 47.8%. A rapid increase in leaf (petioles and blades)
thickness was also observed (Figure 3K). Leaf petioles of all rhubarb plantlets turned red
(Figure 3M–N). During six-week growth in the greenhouse, contents of anthocyanins and
soluble sugars in the leaf petioles were enhanced by 4 and 7 times, respectively. They
contained sucrose, glucose and fructose in a ratio 1:2:2. Total anthocyanin content in leaf
petioles of ‘Malinowy’ was 188 mg·100 g−1, including 94% cyanidin-3-O-rutinoside and
6% cyanidin-3-O-glucoside (Table 6). No morphologically aberrant plantlets were found.
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The ten-week-old rhubarb plantlets were transferred (at the end of April) to the plantation
for further observation.

Table 6. Morphological and biochemical characteristics of Rheum ‘Malinowy’ during a 6-week growth period in the greenhouse.

Growth
Duration

Length of
Leaf Petioles (mm)

Leaf Area (cm2)
Soluble Sugar Contents

(mg·100 g−1 DM)
Anthocyanin Contents

(mg·100 g−1 DM)

1 week 60.5 20.2
Sucrose-t.a.

Glucose-762
Fructose-858

cyanidin-3-O-glucoside-2.58
cyanidin-3-O-rutinoside-45.5

6 weeks 71.1 38.8
Sucrose-2196
Glucose-4958
Fructose-4790

cyanidin-3-O-glucoside-11.3
cyanidin-3-O-rutinoside-176.7

t.a.—trace amounts.

3. Discussion

The quality and quantity of rhubarb crops are significantly dependent on planting
material. Tissue cultures are a useful tool for vegetative propagation of virus-free rhubarb
plants and rapid multiplication of valuable selections with the highest possible content of
bioactive ingredients. For commercial micropropagation of planting material, a success-
ful in vitro propagation protocol including all stages (initiation of aseptic culture, shoot
multiplication, rooting of microshoots, ex vitro acclimatization) is very important.

Axillary bud development has proven to be the most often applied system for produc-
ing true-to-type plantlets. In the present study, dormant axillary buds of culinary rhubarb
‘Malinowy’ were used successfully for the initiation of shoot cultures. By using a two-step
disinfection procedure, we obtained an average of 59.5% uncontaminated explants from
eight-year-old rhizomes that developed shoots of high quality. Given the age of the rhi-
zomes and the associated large amount of dead tissue and secreted mucus, as well as the
presence of endogenous bacteria, this is a high efficiency of culture establishment. Buds of
‘Big Red’ treated with 2% sodium hypochlorite for 15 min showed 51% establishment suc-
cess. Additional methods for disinfection in sodium dichloroisocyanurate (300 mg·L−1 for
20 min and 48 h) and 4% chlorine dioxide did not reduce the amount of contamination [16].
Clapa et al. [18], by using bleach solution of 20% (ACE-Protector) for 20 min, obtained 20%
contaminated explants, but 36% were necrotic and only 44% were viable.

Data in the literature indicate that initial growth of culinary rhubarb shoots from
axillary buds depends on different factors, including growth regulators, term of explant
collecting, bud size and genotype [16–21]. The most important factor stimulating the
activity of rhubarb buds was BAP added singly [16] or in combination with auxin [19,20].
We obtained the best growth response of dormant buds of rhubarb ‘Malinowy’ in modified
MS medium containing 75% nitrogen salts, 4.4 μM BAP and 0.3 μM GA3. The combination
of cytokinin and GA3 was found to increase the activity of axillary buds of many plant
species, especially perennials and woody plants [22–24]. On the other hand, we found that
NAA presence in the initial medium significantly decreased shoot quality. This might be
related to the inappropriate type and concentration of auxin or lack of need of auxin for
rhubarb ‘Malinowy’ shoot induction. We also observed that the negative effect of auxin was
enhanced when full-strength MS medium was used. Murashige and Skoog medium with
KNO3 (at 1900 mg·L−1) and NH4NO3 (at 1650 mg·L−1) is the most common medium for
micropropagation of many horticultural plants, but these high concentrations of nitrogen
salts are supraoptimal for some plant species and can induce different physiological
disorders, including hyperhydricity [25]. Ogura-Tsujita and Okuba [26] reported that
rhizome explants of Cymbidium kanran growing in low-nitrogen medium produced 55%
less ethylene than those coincident with enhanced shoot production.

It has been reported that among the cytokinins tested, BAP was more effective than
isopentenyladenine (2iP), kinetin and thidiazuron (TDZ) for axillary multiplication of
various culinary rhubarb genotypes [19,21]. The optimal BAP concentration ranged from
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2.2 to 22.2 μM according to rhubarb cultivar [16,20]. Kozak and Sałata [21] showed that
‘Karpow Lipskiego’ cultured in BAP medium was characterized by the largest number
of leaves, basal tissue and fresh mass of shoots. However, the use of kinetin and 2iP
enhanced the length of shoots. The genotype-dependent multiplication rate and shoot
morphology of some culinary rhubarb cultivars and clones have already been observed [16].
For example, rhubarb ‘Malinowy’ cultured in BAP medium formed much lower shoots
but with an enhanced number of leaves per explant compared to ‘Karpow Lipskiego’ [21].
Similar to a study on Rheum rhabarbarum [18], we observed that meta-topolin was of similar
efficiency in the stimulation of axillary multiplication of rhubarb ‘Malinowy’ compared to
BAP. Additionally, our study showed that both cytokinins stimulated shoot formation of
rhubarb in a manner dependent on sucrose concentration. Increasing sucrose supply (from
59 to 175 mM) in the growing medium resulted in a reduction in the multiplication rate by
70% and the stimulation of mature shoot production. Sucrose inhibition of shoot formation
was previously observed in different plant species, including Helleborus niger L., Paeonia
lactiflora Pall, [24,27], Pelargonium hortorum L.H. Bailey [28] and Rosa ‘Konstancin’ [29].

It is known that sugars play important roles in in vitro cultures as energy and carbon
sources and osmotic agents. They can also act as signaling molecules and/or as regulators
of gene expression [30]. Sugar-mediated signals indicate carbohydrate availability and
regulate metabolism with sugar usage and storage [31]. As shown in our study, the
exogenous sucrose supply in cytokinin medium affected the accumulation of fructose and
glucose in rhubarb leaf petioles and coincided with a reduced multiplication rate and
plantlet transition from juvenile to mature phase. At high exogenous sucrose content in the
medium, BAP influenced the formation of more mature shoots compared to mT. Moreover,
our study showed that high exogenous sucrose content promotes the accumulation of
anthocyanins in leaf petioles of rhubarb in vitro.

Anthocyanins are an important class of flavonoids that represent a large group of
plant secondary metabolites. They are recognized for their diverse function in plant de-
velopment and beneficial effect on human health. Generally, anthocyanin accumulation
in fruits and vegetables are accompanied by their maturation and is regulated by both
developmental and environmental cues [32]. Sugar-induced anthocyanin accumulation
has been observed in many plant species. In Petunia Juss, sugars were shown to be required
for the pigmentation of developing corollas [33], while in grape berry skin, sugars were
found to induce most genes involved in anthocyanin synthesis [34]. Enhanced anthocyanin
accumulation caused by high sucrose content in the medium has been previously reported
in Melastoma malabathricum L. [35], Clematis pitcheri [36] and Petunia [37]. It is well known
that phytohormones can also modulate anthocyanin biosynthesis by regulating the ex-
pression of genes involved in the flavonoid biosynthetic pathway [38,39]. As shown in
our study, the sucrose-induced accumulation of anthocyanin in rhubarb petioles in vitro
was stimulated by cytokinin, mainly meta-topolin. Potential of mT in stimulating the
accumulation of proanthocyanidins has been previously observed for the shoot cultures of
Musa ‘William’ [40]. The authors demonstrated that meta-topolin was the most effective in
this process compared to other topolins and BAP.

During the last decade, meta-topolin has been widely used in micropropagation of
many plant species, improving multiplication and rooting efficiency [41–43]. Our previous
observation showed that the shoot of rhubarb ‘Malinowy’ treated with meta-topolin had
higher rooting capacity than those cultured in BAP medium before rooting (data not
shown). It was shown that the rooting ability of rhubarb in vitro is also dependent on
genotype. For example, ‘Karpow Lipskiego’ produced 100% rooted shoots in hormone-free
medium and spontaneously formed multiple roots in multiplication medium [21]. We
obtained only 40% rooted shoots in auxin-free medium, but the application of IBA at 4.9 μM
resulted in 100% rooting frequency and multiple root formation. Thomas [16] reported 86%
rooting frequency for ‘Big Red’ in the presence of 2.9 μM 3-indoleacetic acid (IAA). Our
study results are in agreement with those by Thomas [16], showing that rhubarb shoots

47



Plants 2021, 10, 1768

rooted in vitro showed better shoot growth and higher survival rate after transfer to ex
vitro conditions compared to direct rooting and acclimatization.

We found plantlets of ‘Malinowy’ showed a rapid increase in leaf size, petiole length
and diameter when they were transferred to the greenhouse. Anthocyanin analyses re-
vealed that ten-week old ‘Malinowy’ plantlets contained a very high amount of cyanidyn-3-
O-rutinoside (176.7 mg·100 g−1) and cyanidin-3-O-glucoside (11.3 mg·100 g−1). Cyanidin
derivatives were found previously to be the main anthocyanin in rhubarb stalk grown
in the field. It has been demonstrated that rhubarb cultivars significantly differ in their
anthocyanin content and percentage of the two main cyanidins [7,9]. The study presented
by Takeoka et al. [9] showed that of twenty-one cultivars, total anthocyanin content ranged
from 19.8 (‘Crimson Red’) to 341.1 mg·100 g−1 (‘Valentine’). Similarly, as in our study,
cyanidyn-3-O-rutinoside was the main anthocyanin present in culinary rhubarb ‘Red Ma-
linowy’ [11]. Moreover, in this genotype, twenty other phenolic compounds, including
flavan-3-ols, flavonols and gallotannins, were identified. Among them, the most abun-
dant was catechin (112 ng·mg−1 dry mass). The study of Clapa et al. [18] showed that
phenolic composition can differ between in vitro and field-grown Rheum rhabarbarum plant
extract. Further observations and analyses of phytochemical and nutritional compounds
for rhubarb ‘Malinowy’ plants growing in vitro and in the field are needed.

4. Materials and Methods

4.1. Plant Material

Two donor plants of Polish garden rhubarb ‘Malinowy’ were carefully selected from
a plantation in Kańczuga, located in the Subcarpathia Province, in southeastern Poland
(WGS-84: 49◦59′0” N, 22◦24′42” E). Among other plants, they were distinguished by high
yield and straight, thick and intensive red stalks. The selected plants were harvested at
the beginning of November. Before culture initiation, the donor plants were tested by
enzyme-linked immunosorbent assay (DAS-ELISA) with commercially available antibodies
against ArMV, TuMV, Cucumber mosaic virus (CMV), Cherry leaf roll virus (CLRV), Tobacco
ring spot virus (TRSV), Tomato ring spot virus (ToRSV), Tomato spotted wilt virus (TSWV),
Tomato black ring virus (TBRV), Strawberry latent ringspot virus (SLRV) (LOEWE Biochemica,
Sauerlach, Germany) and Tobacco mosaic virus (TMV) (Agdia, Elkhart, IN) by the method of
Clark and Adams [44]. The plants were found to be virus free.

4.2. Culture Initiation

Shoot cultures were established from axillary buds isolated from dormant, eight-
year-old rhizomes. First, they were divided into small parts then washed thoroughly
with running tap water and soaked in fungicide. Buds were isolated and sterilized by
soaking in commercial bleach (ace 4 mL/water 100 mL) for 20 min and then in 0.1% HgCl2
for 5 min. After rinsing in sterile water, the explants were placed in 50 mL Erlenmeyer
flasks in Murashige and Skoog [45] (MS) medium containing different levels of nitrogen
salts (100% and 75%), 100 mg·L−1 myo-inositol, vitamins (nicotinic acid, pyridoxine,
thiamine (1.0 mg·L−1 each)), 2 mg·L−1 glycine, 88 mM sucrose and 6 g·L−1 agar (Biocorp,
Poland). The effect of 4.4 μM benzylaminopurine (BAP) added together with 0.3 μM
gibberellic acid (GA3) or 0.1 μM 1-naphthaleacetic acid (NAA) was studied. Full-strength
MS medium without growth regulators was the control. The pH of the medium was
adjusted to 5.8 before autoclaving. After 3 subcultures (each 3 weeks), the survival rate
and the number of developed shoots were determined.

The shoots in all in vitro experiments were maintained at the temperature of 20 ± 2 ◦C
under a standard 16/8 h photoperiod of 40 μmol m−2 s−1 (warm-white fluorescent lamps).

4.3. Shoot Multiplication

Murashige and Skoog medium with nitrogen salts reduced by a quarter containing
100 mg·L−1 myo-inositol, vitamins (nicotinic acid, pyridoxine and thiamine (1.0 mg·L−1

each) and 2 mg·L−1 glycine was used throughout the experiments. To obtain effective, cyclic
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shoot multiplication of rhubarb ‘Malinowy’, first, the effect of two adenine-type cytokinins
(BAP and hydroxybenzylaminopurine (meta-topolin (mT)), added in concentrations of
4.4 μM, 6.6 μM and 12.4 μM, was examined (Experiment 1). After two subcultures (each
lasting 4 weeks), the multiplication rate was determined. Then, the interaction between
cytokinins (BAP or mT) and sucrose added at different concentrations (59, 73, 88, 117 and
175 mM) was studied. In Experiment 2, BAP was used at 6.6 μM and mT at 12.4 μM. After
two subcultures, fresh mass, number and length of shoots, and number of leaves were
determined. Leaf petioles were collected, lyophilized, and crushed into a homogenous
powder using a laboratory mill (A 11, IKA, Staufen, Germany). The samples were then
subjected to qualitative and quantitative analyses of sugars and anthocyanins by the
HPLC method.

4.4. Rooting and Acclimatization

The aim of the experiments was to compare the efficacy of in vitro and ex vitro rooting
and acclimatization. In the last subculture before rooting, shoots were grown in medium
containing 4.1 μM meta-topolin.

For in vitro rooting, the selected shoots approximately 4 cm long were placed in modi-
fied MS medium containing 88 mM of sucrose and indole-3-butyric acid (IBA) at different
concentrations (0, 0.49, 2.5 and 4.9 μM). After 3 weeks, rooting frequency, number of roots
per explant and length of roots were determined. For the acclimatization experiment,
shoots containing at least 5–6 roots were selected.

For ex vitro rooting and acclimatization, the shoots were taken directly from mT
medium. The bases of shoots (approx. 4 cm long) were dipped in commercial rooting
powder (Rhizopon AA 0.5%, Poland). Both types of microcutting (in vitro rooted and
unrooted) were planted in multicellular trays 30 mm in diameter with a mixture of peat
(Alonet Substrat, SIA Florabalt, LV-5106 Valle, Latvia) and perlite (2:1) in plastic plug
boxes covered with transparent plastic caps to prevent dehydration. Ex vitro rooting and
acclimatization took place in a growth room (25 ± 2 ◦C; PPFD—50 μmol m−2 s−1). The
microcuttings were hardened by gradually decreasing air humidity. After 10 days, they
were fed with 0.1% Kristalon (Yara Vlaardingen B.V., Netherlands) containing 18:18:18
(w/w/w) NPK. Four weeks after transfer to ex vitro conditions, the following data were
collected: length of plantlets and the visual estimation of the root system on a three-
point scale (1—no roots or single, short roots; 2—poorly developed root system, 3—well-
developed root system, roots out of trays) (Figure 6).

After four weeks of acclimatization, in vitro rooted shoots were transferred to a
greenhouse (at the end of February). They were grown at a temperature of 20/18 ◦C
(day/night) with a 16 h photoperiod provided by additional lighting. Plants were manually
watered and fed with 0.1% Kristalon. Plantlet growth (length of leaf petioles and leaf area)
and biochemical status (soluble sugars and anthocyanin contents) were assessed after 1
and 6 weeks of growth in the greenhouse.

4.5. Soluble Sugar Analysis

The sugars were quantified by calibration curve for sucrose, glucose, fructose and
sorbitol standards in the concentration range of 20–250 mg/100 mL, and the results are
expressed as mg·100 g−1 dry mass (DM). An example chromatogram of sugar separation
is shown in the Supplementary Materials (Figure S1). HPLC analysis of sugars was carried
out with the HP 1200 system (Agilent Technologies, Waldbronn, Germany) equipped
with an RI Detector with a BioRad Aminex-87C column (300 × 7.5 mm) according to
European Standard EN 12630. The mobile phase was water purified by the MiliQ System
(Milipore, Molsheim, France), isocratic flow was 0.6 mL·min−1 and column temperature
was 80 ◦C. The lyophilized powder (100 mg) was extracted in 4 mL of redistilled water for
20 min in an ultrasonic bath. The suspension was then centrifuged (7000× g, 10 min). The
resulting extract for sugar determination was filtered through a Sep-Pak® PLUS C18 filter
(Waters, Ireland).
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4.6. Estimation of Anthocyanins by HPLC

HPLC analysis of anthocyanins was performed according to the method described
by Nielsen et al. [46] with some modifications. In short, 5 μL of the eluate was analyzed
using an Agilent HPLC Model HP 1200 equipped with a diode array detector (DAD).
Separation was performed on a Phenomenex®Fusion RP column (250 mm × 4.6 mm;
particle size = 4 μm) using a mobile phase consisting of water/ formic acid (95:5 v/v) (A)
and acetonitrile (B). Elution profile: 0–16 min, 3%–9% B; 16–30 min, 12% B; 30–54 min,
33% B; 54–58 min, 90% B; 58–62 min, isocratic 90% B. The anthocyanins in the eluate
were detected at 520 nm and a temperature of 25 ◦C. Their amounts were quantified by
calibration with the standards of cyanidin-3-O-glucoside and cyanidin-3-O-rutinoside and
expressed in mg·100 g−1 dry mass (DM). An example chromatogram of anthocyanins
separation is shown in Supplementary Material (Figure S2).

The lyophilized powder (50 mg) was extracted in 2 mL of 60% methanol acidified
with 1% formic acid for 20 min in an ultrasonic bath. The suspension was then centrifuged
(7000× g, 10 min). The resulting extract for phenolic compound determination was filtered
through a PTFE filter (0.45 μm, 15 mm).

4.7. Statistical Analysis

For the multiplication and in vitro rooting experiments, 30 shoots (6 shoots × 5 glass
jars) were used in each treatment. For ex vitro rooting and acclimatization, 50 rooted and
50 unrooted shoots were used. The experiments were carried out twice. The final data were
the means of the two replicated experiments. The data were subjected to one- (rooting and
acclimatization experiment) or two-factor analysis of variance (ANOVA). The significance
of the differences between means was evaluated by Duncan’s test at p = 0.05.

5. Conclusions

We developed a practical protocol for mass propagation of the selected genotype of
rhubarb with a high content of anthocyanins. It enhanced the availability of phenolic-rich
planting material for the establishment of commercial rhubarb plantations. The study
indicates that growth and development of rhubarb shoots in vitro and secondary metabo-
lite production are modulated by cytokinin and sucrose concentration. It was found that
meta-topolin is a very useful cytokinin for rhubarb ‘Malinowy’ in vitro, which can be a
good alternative for cultivars revealing multiplication and rooting difficulty in the presence
of BAP. Although direct ex vitro rooting is possible, rhubarb shoots rooted in vitro showed
better ex vitro establishment and growth in the greenhouse. Hence, in vitro rooting of
rhubarb ‘Malinowy’ is preferred for mass production. Our results indicated that antho-
cyanins in leaf petioles of rhubarb plantlets were influenced by plant developmental stage
and in vitro conditions. It is possible to elicit anthocyanins by high sucrose concentration
combined with meta-topolin. Finally, the results obtained give important suggestions for
introduction into the market and cultivation for rhubarb ‘Malinowy’, following the latest
research conducted globally also on other interesting wild and cultivated plants [47–49].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10091768/s1, Figure S1: HPLC chromatograms of: (A) sugars in standard solution;
(B) sugars in rhubarb ‘Malinowy’. Peak identification: 1—sucrose (Rt −8.1 min.), 2—glucose (Rt
−9.8 min), 3—fructose (Rt −12.7 min), 4—sorbitol (Rt −21.4 min.). Figure S2: HPLC chromatograms
of: (A) antocyanins in standard solution; (B) antocyanin in rhubarb ‘Malinowy’. Peak identifi-
cation: 1—cyanidin-3-O-glucoside (Rt −22.3 min.), 2—cyanidin-3-O-rutinoside (Rt −25.7 min);
Rt—retention time.
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prepared figures and tables, writing—review and editing of the paper M.M.-F.—performed analyses
of soluble sugars and anthocyanins, collected data and revised the manuscript. All authors have read
and agreed to the published version of the manuscript.

50



Plants 2021, 10, 1768

Funding: This research was funded by the European Union under the “European Agricultural Fund for
Rural Development: Europe investing in rural areas”, Grant Number 00009.DDD.6509.00020.2019.09.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Prof. Mirosława Cieślińska for virus analyses and Prof.
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Abstract: The effect of mineral nutrition on the accumulation of the main health beneficial compounds
in carrots, the carotenoid pigments, remains ambiguous; here, a model-based approach was applied
to reveal which compounds are responsible for the variation in carotenoid content in carrot cells
in vitro. For this purpose, carotenoid-rich callus was cultured on either BI (modified Gamborg B5) or
R (modified Murashige and Skoog MS) mineral media or on modified media obtained by exchanging
compounds between BI and R. Callus growing on the BI medium had abundant carotene crystals
in the cells and a dark orange color in contrast to pale orange callus with sparse crystals on the
R medium. The carotenoid content, determined by HPLC and spectrophotometrically after two
months of culture, was 5.3 higher on the BI medium. The replacement of media components revealed
that only the N concentration and the NO3:NH4 ratio affected carotenoid accumulation. Either the
increase of N amount above 27 mM or decrease of NO3:NH4 ratio below 12 resulted in the repression
of carotenoid accumulation. An adverse effect of the increased NH4

+ level on callus growth was
additionally found. Somatic embryos were formed regardless of the level of N supplied. Changes
to other media components, i.e., macroelements other than N, microelements, vitamins, growth
regulators, and sucrose had no effect on callus growth and carotenoid accumulation. The results
obtained from this model system expand the range of factors, such as N availability, composition
of N salts, and ratio of nitrate to ammonium N form, that may affect the regulation of carotenoid
metabolism.

Keywords: Daucus carota; carotene; nitrate; ammonium; somatic embryogenesis

1. Introduction

The carrot is a well-known vegetable grown around the world for its nutritious
storage root. The roots of the most common carrot varieties accumulate carotenoids,
mainly β-carotene and α-carotene, which give them their orange color. Both carotenes
have provitamin A activity and, together with other carotenoids, play beneficial roles in
human health [1]. The high carotene content makes carrots one of the most important
sources of carotenoids in the human diet [2], and knowledge on carotenoid biosynthesis,
accumulation, and regulation of these processes is essential for the development of high-
quality carrot varieties.

Carotenoids exist widely in nature. They are 40-carbon molecules built from eight base
isoprenoid units. They are classified to two main groups: carotenes, being hydrocarbons
such as β-carotene and α-carotene, and xanthophylls, which are oxidized carotenes [3].
The processes of carotenoid biosynthesis in plants, including carrot, have been well de-
scribed [4]. In recent years, research has focused on understanding the regulation of
biosynthetic pathway and carotenoid sequestration. Currently, it is known that develop-
mental and environmental factors, such as light, influence carotenoid accumulation in
carrot cells [5,6]. Field conditions and genotype have a pronounced effect on carotenoid
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accumulation in carrot storage roots in contrast to plant fertilization [7]. However, fer-
tilization with calcium ammonium nitrate increased carotenoid content [8]. The effect
of other N salts was equivocal unless an additional foliar nutrition with a complex fer-
tilizer was applied [9]. Variation in carotenoid content among carrot cultivars was also
reported depending on the applied urea dose [10]. Thus, the conclusions regarding the
effect of nutrition on carotenoid metabolism in carrot remain ambiguous. Recently, it was
demonstrated that ammonium ions negatively affect carotenoid accumulation in Calendula
officinalis callus cultured in vitro [11]. Another genetic research based on callus response to
changes in the composition of mineral medium indicated that N supply affected pigment
accumulation [12].

For more than 60 years, the carrot has been considered a model species in research
on totipotency, somatic embryogenesis, and horizontal gene transfer (for review see [13]
and [14]), while broad genetic research, including the recent genome sequencing project [15],
led to the development of high-quality varieties [16]. Carrot is amenable to cell and tissue
culture on mineral media in vitro. Callus can be induced in in vitro culture from various
explants by the supplementation of mineral medium with growth regulators and then
it can be easily propagated [17], hence, it has become a convenient material for research
on stress factors, genetic transformation, and genome editing, including genes of the
carotenoid pathway [18,19]. Carrot callus usually accumulates low amounts of carotenoids,
as do the storage root meristematic cells used to induce callus [20,21]. However, the
development of carotenoid-rich callus was also reported [22–24], and recently, it has been
successfully used for structural studies of carotene crystals [25,26], regulation of carotenoid
biosynthesis, sequestration, and interaction of carotenoid and cell wall composition when
it was subjected to targeted mutagenesis using novel tools of genome editing, i.e., clustered
regularly interspaced short palindromic repeats (CRISPR) and CRISPR associated (Cas9)
proteins [19,24].

Inorganic components in the medium are necessary for the growth of plant tissues and
organs in vitro. Their contents and composition influence tissue and plantlet development,
hence, the proper balance of medium components is required [27]. For the induction of
carrot callus development, and for its further propagation, a medium based on Gamborg
B5 [28] mineral salts and vitamin composition is more effective and more often used than
the Murashige and Skoog (MS; [29]) medium [30]. The MS medium is recommended for
somatic embryogenesis and carrot plant regeneration [31,32]. Our preliminary experiments
showed that attempts of plant regeneration using a modified MS medium, the R medium,
led to a visually paler color of callus due to a reduced carotenoid accumulation in com-
parison to callus grown on the B5-based BI medium. Both media, BI and R, differ in the
composition of salts, vitamins, plant growth regulators, and in the sucrose concentration.
Thus, in this study we sought for an answer to which component of the R medium is
responsible for the repression of carotenoid accumulation. For this purpose, we used a
model carotenoid-rich callus [23] and exposed it to media with modified compositions. A
substantial reduction of carotenoid content was observed on the B5 medium with altered
composition of nitrogen salts, thus, we show here that the amount of N and NO3:NH4 ratio
are key factors affecting carotenoid accumulation in carrot cells.

2. Results

2.1. Callus Growth and Morphology

Carrot callus cultured on both BI (modified Gamborg B5) and R (modified MS) media
(Supplementary Table S1) grew with a similar rate. Callus cultured on the BI medium
retained its characteristic morphology throughout all experiments. It had dense and lumpy
structure, with small parts being more friable. It retained orange color, although rarely,
friable callus was paler (Figure 1a). Callus growing on the R medium differed from callus
on the BI medium in color, which became paler and eventually light orange over the course
of time (Figure 1b). Microscopic observations revealed that regardless of the medium,
callus cells were densely packed in aggregates (Figure 2a,b). Carotene crystals, clearly
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distinguishable due to their intense orange color, were sequestered in the cells of dark
orange callus on the BI medium (Figure 2c). Cells of callus maintained on the R medium
contained only small crystals, and they were not abundant (Figure 2d). Additionally,
proembryogenic tissue was identified in callus on the R medium. Embryoid structures
were visible (Figure 1b inset); however, their development was arrested at early stages.
They did not convert into plants, turned brown, and often died or dedifferentiated to new
callus cell layers.

 

Figure 1. Carrot callus growing on mineral media. (a) BI medium; (b) R medium; (b-inset) embryo-like structure.

 

Figure 2. Densely packed carrot callus cells (not macerated tissue) growing on either the BI (a) or R medium (b). Easily
noticeable carotene crystals in cells growing on the BI medium (c) and sparse crystals in cells growing on the R medium (d).
Bar = 100 μm.
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2.2. Carotenoid Content in Callus

Two main carotenes were identified in callus using HPLC (Table 1 and Supplementary
Figure S1). The sum of α- and β-carotene contents in callus growing on the BI medium was
very high (2264 μg/g DW) and exceeded that in callus on the R medium (425 μg/g DW) by
5.3 times, which corresponded to differences in color observed between calli on both media.
The β/α carotene ratio (2.6) was also higher for the BI medium than for the R medium
(1.5) (Table 1). The sum of α- and β-carotenes determined by HPLC highly correlated
(r = 0.98, p < 0.001) with the total carotenoid content, determined spectrophotometrically,
although it was usually higher. A linear relationship was described by a well fitted
regression line (p < 0.001) with the coefficient of determination R2 = 0.96 (Figure 3). Hence,
quantitative determination of carotenoid content in further experiments was done using
spectrophotometry.

Table 1. Carotenoid content [μg/g DW] in callus growing on the BI and R media.

Medium α-carotene 1 β-carotene 1 β:α Ratio Total Carotenoids 2

BI (modified Gamborg B5
medium) 627 ± 73 a 1637 ± 305 a 2.6 1169 ± 89 a

R (modified MS medium) 172 ± 55 b 253 ± 113 b 1.5 404 ± 62 b
BI/MS-macro (BI with
macroelements as in

MS (R))
304 ± 35 b 529 ± 101 b 1.7 531 ± 44 b

R/B5-macro (R with
macroelements as in

B5 (BI))
725 ± 55 a 2191 ± 182 a 3.0 1322 ± 99 a

BI:R ratio 3.6 6.5 nd 3 2.9
1 determined by HPLC, 2 determined spectrophotometrically; means ± std. error (n = 4); means followed by
different letters within column are significantly different at p = 0.05; 3 not determined.

Figure 3. Fitted linear regression model for carotenoid content (μg/g DW) in carrot callus, determined
based on HPLC (sum of α- and β-carotene) and spectrophotometric measurements (total carotenoids).
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2.3. Effect of Medium Composition

To identify compounds that affected the carotenoid content in callus, 12 media varying
in the composition of main compound groups were compared. For this purpose, the
composition and amounts of macroelements, microelements, vitamins, growth regulators,
or sucrose in the BI medium were replaced by the corresponding compound groups, and
in the same amounts, as present in the R medium (Table 2). Analogous modifications
were applied to the R medium by replacing compound groups to be the same as in
the BI medium. Callus growing on the modified media showed changes in color and
carotene contents (p < 0.001). The replacement of macroelements in the BI medium caused
callus discoloration and the decrease of carotenoid content by 54.6% to a level similar
to the R medium (Table 2). The effect of B5 macroelements added to the R medium
was also significant. Callus growing on the R/B5-macro medium had an intense orange
color and over 3-fold increased carotenoid content in comparison to the unmodified R
medium, reaching the carotenoid level present in callus on the BI medium (Table 2). Thus,
the Gamborg B5 composition of macroelements stimulated carotenoid accumulation in
contrast to the MS formulation of macroelements. Any other changes done to either the
BI or R media composition (microelements, vitamins, growth regulators, sucrose) did not
significantly affect carotenoid content (Table 2). These results indicated that macroelement
composition in the medium was critical for carotenoid accumulation in callus. The only
other effect of modified media was the formation of embryoid structures on the BI medium
free of 2,4-D and kinetin that resembled structures observed in callus on the R medium.

Table 2. Modified media used for callus culture and the carotenoid content in callus after eight-week culture (mean ± std.
error).

Experiment Medium Medium Modification
Carotenoid Content

(μg/g DW)
%BI 1 P

(BI) 2
P

(R) 2

Modification of
compound

groups

BI 3 Modified Gamborg B5
medium 1169 ± 89 100.0 ref *

BI/MS-macro BI with macroelements
as in MS (R) 531 ± 44 45.4 * ns

BI/MS-micro BI with microelements
as in MS (R) 1292 ± 64 110.5 ns *

BI/MS-vit BI with vitamins as in
MS (R) 1226 ± 80 104.8 ns *

BI/MS-pgr BI without growth
regulators as in R 1279 ± 91 109.4 ns *

BI/MS-suc BI with 2% sucrose as
in R 1386 ± 225 118.5 ns *

R 4 Modified MS medium 404 ± 62 34.5 * ref

R/B5-macro R with macroelements
as in B5 (BI) 1322 ± 99 113.0 ns *

R/B5-micro R with microelements
as in B5 (BI) 554 ± 44 47.4 * ns

R/B5-vit R with vitamins as in
B5 (BI) 485 ± 51 41.5 * ns

R/B5-pgr R with growth
regulators as in BI 505 ± 56 43.2 * ns

R/B5-suc R with 3% sucrose as in
BI 512 ± 99 43.8 * ns
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Table 2. Cont.

Experiment Medium Medium Modification
Carotenoid Content

(μg/g DW)
%BI 1 P

(BI) 2
P

(R) 2

Modification of
macro-

elements

BI as above 1210 ± 71 100.0 ref *
R as above 656 ± 52 54.3 * ref

R+K R suppl. with 2.35 mM
K2SO2

736 ± 128 60.8 * ns

BI/MS-N BI with nitrogen salts
as in MS (R) 753 ± 178 62.2 * ns

BI/MS-N+K
BI with nitrogen salts

as in MS (R) suppl.
with 2.97 mM K2SO2

736 ± 83 60.8 * ns

BI/MS-P BI with phosphorus
salts as in MS (R) 1216 ± 202 100.5 ns *

BI/MS-Mg BI with magnesium
salts as in MS (R) 1300 ± 162 107.5 ns *

BI/MS-Ca BI with calcium salts as
in MS (R) 1435 ± 107 118.6 ns *

1 %BI—carotenoid content expressed as the percentage of the content in callus growing on the BI medium; 2 P—significant at p < 0.05 (*)
or not significant (ns) difference from either BI or R considered as the reference (ref) according to the Dunnett test; 3 Modified Gamborg
B5 [28] medium; 4 Modified MS [29] medium.

2.4. Effect of Macroelements

Various salts of macroelements were present in the BI and R media, thus, any element
or their combination could affect carotene content. The contents of individual macroele-
ments in the BI medium were modified to get the same molar concentrations as in the
R medium. Modifications to either P, K, Ca, or Mg contents did not result in changes
either of callus morphology, color, or carotenoid content. A noticeable callus discoloration
was observed only on the medium with a modified composition of N salts. Callus ex-
posed to the BI/MS-N medium developed more white or pale orange cell aggregates. It
accumulated almost 40% less carotenoids than callus on the BI medium and had similar
amounts of carotenoids as callus on the R medium (Table 2). The N content depends on the
amounts of NH4NO3 and KNO3 salts, and KNO3 supplementation results in the increased
concentration of both N and K. To verify the effect of K on carotenoid content, the R and
BI/MS-N media were supplemented with K2SO4 (R+K and BI/MS-N+K, respectively). No
effect of additional K amounts on carotenoid level was found.

2.5. Effect of N Concentration and NO3:NH4 Ratio

The N content in the R medium (60.02 mM) was more than doubled in comparison to
the BI medium (26.76 mM) (Table 3). To verify the effect of N concentration on carotenoid
accumulation, media differing in composition of N salts were compared (Supplementary
Table S2). The increase of N amount in the range from 27 mM to 80 mM did not affect
callus growth but significantly reduced carotene content from 1252 μg/g DW to 411 μg/g
DW. Such changes were highly significant independent from whether the NO3:NH4 ratio
in all comparing media was the same, i.e., 12.19 (the same as in the BI medium) or it was
increasing in the range from 12.19 up to 38.5 (both p < 0.001). In both sets of media, the
observed reduction of carotene content followed similar trends described by logarithmic
functions with R2 of 0.8249 and 0.9490, respectively (Figure 4).

The R medium contained NH4NO3 not present in the BI medium, which had NH4
+

ions supplied in a low amount of (NH4)2SO4 not present in the R medium (Table 3). In
consequence, the R medium had more N, mainly due to the use of an amount 10.2 times
higher of the ammonium form while the nitrate form was only 1.6 times higher. The effect
of N form in the medium on the carotene content was verified by using media containing
26.76 mM N, the same as in the BI medium, adjusted by using both nitrate and ammonium
salts in various ratios. While decreasing the NO3:NH4 ratio down to 1.91 (the same as in the
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R medium), callus grew similar to the callus exposed to the BI medium with the NO3:NH4
ratio of 12.19. Further elevation of the NH4

+ amount in the media restricted callus growth,
which was eventually inhibited on the medium with the 1:1 NO3:NH4 ratio. The increasing
NH4

+ level also highly reduced carotenoid content in callus (p < 0.001). In comparison to
the BI medium, the carotenoid content was reduced 3.0-fold at the NO3:NH4 ratio of 1.91
(the same as in the R medium), and a further increase of NH4

+ to the 1:1 NO3:NH4 ratio
reduced the carotenoid content by 11.5-fold to the level of 115 μg/g DW. Such changes
in the carotenoid content followed a trend described by a well fitted logarithmic function
with R2 = 0.9685 (Figure 5).

Table 3. The BI and R media composition with regard to nitrogen content.

N Form Compound/Ion/N BI (mM) R (mM) BI:R Ratio

Salt KNO3 24.73 18.79 1.3
(NH4)2SO4 1.01 0 nd 1

NH4NO3 0 20.61 nd

Ion NO3
− 24.73 39.41 0.6

NH4
+ 2.02 20.61 0.1

Element N 26.76 60.02 0.4

Ratio NO3:NH4 12.19 1.91 6.4
1 not determined.

Figure 4. Carotenoid content in callus grown on the BI media with modified N content and with
the constant (12.2) NO3:NH4 ratio (squares, solid line) or with increasing NO3:NH4 ratio from 12.2
to 38.5 (dots, dashed line). Lines represent logarithmic functions: y = 3551.5 − 749.5ln(x) for the
constant NO3:NH4 ratio and y = 3852 − 820.7ln(x) for the increasing NO3:NH4 ratio; whiskers—std.
error.
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Figure 5. Carotenoid content in callus grown on BI media with a modified NO3:NH4 ratio and with
the constant N content (26.8 mM). The line represents a logarithmic function y = 107.65 + 478.27ln(x);
whiskers—std. error.

3. Discussion

Nutrient supply and their uptake by plants determine yield and quality of agricultural
products, including carrot, and available data indicate that fertilization, in particular with
N, may also affect carotenoid accumulation in carrot storage roots. Previous evaluations of
NPK fertilization showed that genotype and environmental conditions affected carotenoid
accumulation rather than N supply [7]. These conclusions were supported by results of a
multiyear field trial using various N fertilizers, although significant increase of carotenoid
content was achieved after foliar nutrition [9]. Fertilization with urea suggested variation
in carotenoid content in used cultivars depending on the urea dose, although differences
between overall means were insignificant [10], while fertilization with calcium ammonium
nitrate increased carotenoid accumulation in two cultivars in a two-year trial [8]. The
conclusions of field studies on plant nutrition remain ambiguous as the results are highly
affected by complex environmental factors, additionally interacting with variety.

Experiments utilizing cell and tissue culture in vitro allow to apply controlled condi-
tions that, in particular, are essential in plant nutrition research, and which are not possible
to obtain in field conditions. Therefore, we have applied a research model to elucidate at
cellular level the role of nutrition on the accumulation of the main carrot health beneficial
compounds, the carotenoid pigments. The MS-based mineral media had already been used
to culture cell suspension or to induce callus for carotenoid research. The cell suspension or
callus from a red storage root carrot variety accumulated mainly β-carotene and lycopene;
the level of these pigments highly varied and was clone-dependent [33,34]. For Arabidopsis
thaliana, the carotenoid content in wild type callus cultured on the medium containing MS
salts was low, 200–550 μg/g DW [35]. For Tagetes erecta [36], individual carotenoids were
identified and not quantified, but the assessment of color and HPLC profiles also indicated
low amounts of pigments. The Gamborg B5-based mineral media were used to induce
development of light-orange [24] and dark-orange, carotenoid-rich, carrot callus accumulat-
ing up to the same amounts of carotenoids (2150 μg/g DW) as the storage root from which
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such callus was derived [23]. Thus, carotenogenesis was ongoing in materials cultured
on the MS-based media, but the B5-based media were much more efficient for pigment
accumulation. The observed color variation of carrot callus cultured on different mineral
media in vitro have indicated that accumulation of carotenoid pigments is stimulated or
repressed by media components. The mineral compositions of BI and R media, used in
this work, differed significantly as they were essentially based on the Gamborg B5 and MS
formulations, respectively. Both media differed mainly in their N salts composition. The
amount of N was 2.24 times higher in the MS medium, and N was supplied in NH4NO3
and KNO3 salts, of which the former was present in a higher concentration, thus, the
NO3:NH4 ratio in MS was 1.91 (Table 3). The B5 medium was richer in the nitrate salt by
32% but contained a low amount of ammonium (NH4)2SO4 salt, thus, the NO3:NH4 ratio
in B5 was 12.19. Hence, the B5 medium contained 10.2 times less ammonium N form than
MS. In this study, we found that callus grown on the BI medium and on any modified BI
medium containing N salts according to the Gamborg B5 formulation accumulated many
more carotenoids than when using MS-based N salts.

Both BI and R media differed also in the composition of other compounds. The MS
medium contained three times more CaCl2, 50% more MgSO4, and had KH2PO4 instead
of NaH2PO4. Although these differences are less pronounced than differences in N salts
composition, they were also taken into account in this study. It was previously reported that
a reduction of Ca supply promoted carotenoid accumulation in the roots of carrot plants,
but this effect was variety dependent, with the most significant effect on lycopene content
in a lycopene accumulating variety [37]. When using a lycopene accumulating carrot cell
suspension, it was shown that increasing the initial P content in the medium or resupplying
P during the culture increased carotenoid accumulation [38]. It was also shown that the
increase of 2,4-D up to 10 ppm promoted carotenoid accumulation in carrot cells [33]. A
higher sucrose concentration increased carotenoid content, with 3%−5% sucrose being
optimal, while 8% sucrose had adverse effects on carrot cells growth and their size [39].
Additionally, the carotenoid accumulation increased in Calendula officinalis callus when
sucrose concentration was raised from 4% to 7% [11]. In our work, no significant changes
in carotenoid accumulation in carrot callus was found when modifying the compositions
of Ca, P, K, and Mg salts. Further BI medium modifications by replacing microelements,
vitamins, elimination of growth regulators, and reduction of sucrose from 3% to 2%, as
present in the R medium, had no significant impact. No response of carrot callus to
all these modifications supports the conclusion that N availability is the prime factor
affecting carotene accumulation. This finding is in contrary to the results presented by
Hanchinal et al. [40], who modified N, P, and sucrose concentrations and used a response
surface methodology to optimize β-carotene production by carrot cells in suspension. A
doubled N concentration to 50 mM with increased sucrose content from 2% to 3% increased
β-carotene production up to 13.61 μg/g DW. However, it must be underlined that they
used cells accumulating very low amounts of carotenoids, two magnitude lower than callus
in our work, which may highly bias the conclusions.

Our results showed also that a gradual increase of N from 26.76 mM to 80.04 mM
restricts carotenoid accumulation, which eventually decreased 3-fold. Nitrogen was sup-
plied mainly in the form of KNO3, thus, the amounts of N and K in the medium were
interrelated. Further media adjustments with K salts to keep this element at the same level
while increasing N concentration showed that K did not affect carotenoid accumulation,
confirming that the N amount in the medium is a critical factor and, moreover, its effect is
independent on the NO3:NH4 ratio in the range from 12.2 to 38.5. Additionally, the amount
of N did not alter callus growth. Recent study on grape callus showed that the reduced
N amount in the MS medium from 60 mM to 40–50 mM enhanced accumulation of other
pigments, anthocyanins, in red-pod okra callus; however, further reduction to 30 mM had
an adverse effect [41]. Additionally, N starvation promoted anthocyanin accumulation in
grape callus [42]. In contrary, other reports showed that the increase of total N content by
doubling KNO3 in the MS medium increased anthocyanin content by 135% [12], which
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was congruent with results showing the highest accumulation of anthocyanins using an
elevated N amount (70 mM) in the medium [43].

The N content in a medium depends on the combination of supplied ammonium
and nitrate salts. The ammonium N form is preferred by plants as it can be directly
used, and its incorporation by a cell requires less energy. However, it can become toxic
to plant cells at higher concentrations, and plant sensitivity to ammonia varies greatly
depending on species, plant age, and environment pH [44]. Hairy roots of carrot, red beet,
and madder in the presence of NH4

+ available in the amounts in the MS medium had a
reduced growth [45]. A similar effect of restricted growth was observed for anthocyanin
accumulating carrot callus cultured on MS [12]. No growth changes were reported only
when carrot cell suspension was exposed to a doubled amount of ammonium N form
than present in MS [46]. The comparison of a wide range of NO3:NH4 ratios in our
work demonstrates that when keeping the optimum N level (26.76 mM) for carotenoid
accumulation, as in the B5 medium, the callus growth is restricted with increasing amounts
of NH4

+, as is the carotenoid content. This adverse effect of the ammonium form led to an
over 10-fold reduction of carotenoids and such response intensified logarithmically with
the NH4

+ concentration. A similar adverse effect of high NH4
+ concentration was found

in Calendula officinalis callus. The 50% decrease of NH4
+ amount, in comparison to MS,

induced carotenoid biosynthesis, and the complete removal of NH4
+ from the medium

further promoted carotenoid accumulation [11]. An analogous effect of increasing NH4
+

concentration was reported in relation to anthocyanin accumulation. Lower anthocyanin
contents were recorded in carrot cells in suspension exposed to media with a low NO3:NH4
ratio, and the increase of the ratio to 4:1 led to the highest pigment content [43]. In callus
induced from rose leaves, the reduction of NH4

+ and increase of NO3
− concentrations in

the MS-based medium enhanced anthocyanin accumulation [47]. Conversely, doubling the
concentration of NH4

+ in the MS medium restricted the anthocyanin content by one third
in carrot callus [12].

Nitrogen is required by plants for their growth, but the composition and concentra-
tions of N salts in a culture medium affect also morphogenesis and embryogenesis [27].
It was previously shown that a reduced form of N, present in high amounts in MS, is
required for the development of somatic embryos from carrot hypocotyl explants. Three
N salts with reduced N were compared and two of them, NH4NO3 and NH4Cl, favored
somatic embryogenesis, while (NH4)2SO4 did not [48]. However, contrary to these results,
nearly 20 times more plants developed on the B5 medium, which contained much less of
the reduced N form and was supplied with (NH4)2SO4 salt only, than on the MS-based
medium [49]. The comparison of several media free of growth regulators in our work
has shown that the formation of proembryogenic tissue and globular embryos is ongoing
regardless of the medium mineral composition. Somatic embryos were observed on both,
carotenoid-rich callus and low carotenoid accumulating callus, thus, there was no clear
relationship between somatic embryogenesis and N salt composition, hence, carotenoid
accumulation, although quantitative comparison was not the subject of this work.

4. Materials and Methods

4.1. Plant Material, Media Preparation, and Experiment Design

Dark-orange callus derived from the root of DH1 (doubled haploid) carrot (Daucus
carota L.) line accumulating high amounts of carotenoids and described previously [23] was
used. Callus was maintained on filter paper disks laid down on the surface of solidified
mineral medium in 9 cm Petri dishes and cultured at 26 ◦C in the dark. In each experiment,
callus was grown for eight weeks with one transfer to a fresh medium after four weeks.
Two main media were used: (1) the BI medium consisting of Gamborg B5 macro- and
microelements with vitamins, 30 g/L sucrose, 1 mg/L 2,4-D, and 0.0215 mg/L kinetin,
and (2) the R medium consisting of MS macro- and microelements with vitamins (with
an increased glycine content to 3 mg/L), 20 g/L sucrose, and free of growth regulators
(Supplementary Table S1). Both media had pH adjusted to 5.8 and were solidified with
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2.7 g/L phytagel. Macro- and microelements, including vitamin mixtures, separate macro-
and microelement mixtures, vitamins, and plant growth regulators were purchased from
Duchefa Biochemie (Haarlem, The Netherlands). Media modifications were done by
exchanging group of components between BI and R media (12 media variants; Table 2), or
by exchanging individual compounds (eight variants; Table 2), or by changing nitrogen
salts composition and their concentration (14 variants) (Supplementary Table S2).

4.2. Microscopic Observations

To observe callus structure, small callus pieces were placed on a microscopic slide in a
water drop under the cover slide. Carotenoid crystals were observed in single cells after
tissue maceration in 1N HCl at 50 ◦C for 5 min. Observations were done in a bright-field
using the Zeiss Axiovert S100 microscope with ×10 objective. Images were collected by
using the attached digital camera.

4.3. Determination of Carotenoid Content

Eight-week-old callus was lyophilized and ground into a fine powder in a beading
mill for 5 min. Carotenoids were extracted from 5–10 mg samples with 500 μL of acetone
in 1.5 mL tubes. Samples were vortexed for 30 s and centrifuged at 18,000 g for 5 min.
Acquired extracts were transferred to fresh tubes. The procedure was repeated to ensure
complete extraction, and then, obtained extracts were combined. The absorbance of extracts
was measured in a 1 cm QS quartz cuvette (Hellma Analytics, Müllheim, Germany) at
450 nm using the NanoDrop 2000c (ThermoScientific, Waltham, MA, USA) spectropho-
tometer. Extractions and measurements were done for each sample in triplicate and the
readouts were averaged before statistical analysis. The total carotenoid content was calcu-
lated based on the β-carotene extinction coefficient (A1%

1cm = 2500) using the formula:

absorbance (450 nm)

2500
× extract volume (ml)× 10000

sample mass (g)

The results are presented in μg of carotenes per gram of callus dry weight.
High performance liquid chromatography (HPLC) measurements were done using

the same callus samples as for spectrophotometry. HPLC was performed as previously
described [19]. Briefly, the extraction was performed using ethanol:n-hexane (1:1, v:v) and
HPLC was performed using Shimadzu LC–20AD chromatograph equipped with a C18
RP (5 μm) column and the Shimadzu SPDM–20A–DAD photodiode-array detector. The
identification of β-carotene was based on the retention time of the standard and confirmed
by analysis of absorption spectra. The identification of α-carotene was based on the analysis
of the absorption spectra. Quantification of β-carotene was done using a standard curve,
while α-carotene was quantified in relation to β-carotene.

4.4. Statistical Analysis

Each experiment was set up in four replicates, each consisting of five calli, and having a
completely randomized design. A one-way ANOVA was performed to test effects of media
composition on carotene contents in callus using the Statistica v.13.1 software (TIBCO; Palo
Alto, CA, USA). Differences between means were verified at the significance level p = 0.05
using the Dunnett test. Means are presented with their standard errors.

5. Conclusions

In this study, we sought for the answer to which component of the culture medium
affects carotenoid accumulation in carrot callus. A compound by compound replacement
in the MS and Gamborg B5 media have revealed that the only critical element is nitrogen,
and either the increase of the total N concentration or the decrease of NO3:NH4 ratio
restricts carotenoid accumulation. Thus, the highest carotenoid content was achieved in
the medium with 26.76 mM N and 12.19:1 NO3:NH4 ratio, regardless of whether the other
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media components were supplied according to the MS or Gamborg B5 formulation. These
model-based obtained results pave the way for further elucidation of biological processes
related to regulation of carotenoid metabolism. The observed effects might be limited to a
simplified in vitro model; hence, further confirmation in planta may be required. However,
they can be useful for research or application purposes using cell or tissue culture where
stimulation of valuable secondary metabolites, such as carotenoids, is required.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10091813/s1, Table S1: Composition of Gamborg B5 and Murashige and Skoog (MS)
media and their modified variants, BI and R, respectively; Table S2: Nitrogen salts composition of BI
media with a modified N content or NO3:NH4 ratio; Figure S1: HPLC chromatogram at 452 nm of
the sample from callus grown on a BI (control) medium.
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Abstract: Lycium schweinfurthii is a Mediterranean wild shrub rich in plant secondary metabolites.
In vitro propagation of this plant may support the production of valuable dietary supplements for
humanity, introduction of it to the world market, and opportunities for further studies. The presented
study aimed to introduce an efficient and reproducible protocol for in vitro micropropagation of
L. schweinfurthii and assess the genetic stability of micropropagated plants (MiPs) as well as to estimate
phenolic, flavonoid, ferulic acid contents, and the antioxidant activity in leaves of micropropagated
plants. Two DNA-based techniques, random amplified polymorphic DNA (RAPD) and inter-simple
sequence repeats (ISSR), and one biochemical technique, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), were used to assess the genetic stability in MiPs. Spectrophotometric
analysis was performed to estimate total phenolic and flavonoid contents and antioxidant activity of
MiPs leaves, while ferulic acid content was estimated using high-performance thin-layer chromatog-
raphy (HPTLC). Sufficient shoot proliferation was achieved at MS (Murashige and Skoog) medium
supplemented with 0.4 mg L−1 kinetin and rooted successfully on half-strength MS medium fortified
with 0.4 mg L−1 Indole-3-butyric acid (IBA). The Jaccard’s similarity coefficients detected in MiPs
reached 52%, 55%, and 82% in the RAPD, ISSR, and SDS-PAGE analyses, respectively. In the dried
leaves of MiPs, the phenolic, flavonoid, and ferulic acid contents of 11.53 mg gallic acid equivalent,
12.99 mg catechin equivalent, and 45.52 mg were estimated per gram, respectively. However, an IC50

of 0.43, and 1.99 mg mL−1 of MiP dried leaves’ methanolic extract was required to scavenge half
of the DPPH, and ABTS free radicals, respectively. The study presented a successful protocol for
in vitro propagation of a valued promising plant source of phenolic compounds.

Keywords: Lycium schweinfurthii; micropropagation; genetic stability; ISSR-PCR; RAPD-PCR; SDS-
PAGE; HPTLC; DPPH; ABTS

1. Introduction

One member of the Solanaceae (the nightshade) family is the genus Lycium, com-
prising more than 70 species and which has a disjunctive distribution in temperate to
subtropical regions in South America, North America, Africa, Eurasia, and Australia [1].
Within buckthorns (Lycium), Lycium schweinfurthii is grouped according to phylogenetic
studies in a clade with other Old World species of the genus. Within this clade, this species
is closely related to L. acutifolium, L. eenii, L. shawii, L. bosciifolium, L. hirsutum, and L. villo-
sum. The species is sometimes put to L. intricatum [2]. L. schweinfurthii grows in temperate
climates and is well spread throughout the southern Mediterranean region as well as in
Egypt, Algeria, Tunisia, and Libya [3]. L. schweinfurthii is distributed in Egypt in the great
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south-western desert, northern coastal region [4], and islands of Lake Burullus [3]. The
plant is a 2–3 m high, rigid, upright shrub with a spiny stem. Its leaves are succulent
and hairless that are 12–20 mm long and 2–4 mm wide and arranged in alternate patterns
(one leaf per node) while its flowers are hermaphrodite. The fruit is a black, spherical,
sometimes egg-shaped berry that measures 4–5 mm in diameter [5]. L. schweinfurthii suffers
from different types of threats that affect its distribution, whether natural or caused by
human activities, i.e., soil fragmentation, cutting, grazing, and firing [3].

It is difficult in many seasons to obtain seeds or crops from wild plants, especially
with their small number and wide geographical distribution, as in L. schweinfurthii. Hence,
it is imperative to micropropagate plants in vitro to maintain the explant source at all times
of the year. For decades, the micropropagation of plants was the only technique that main-
tained and promoted the economic value of many agricultural species [6]. Furthermore, it is
an efficient technique for in vitro multiplication of endangered species, e.g., Magnolia sirind-
horniae [7], as well as for producing secondary metabolites, e.g., Eryngium alpinum L. [8].
Although no reports were found on the micropropagation of L. schweinfurthii, it is well
studied in other species of the Lycium genus. Multiple shoots and adventitious buds of
L. ruthenicum were developed in vitro not only from stems but also from leaf explants [9].
Moreover, the best shoot proliferation of L. depressum was achieved at a low concentration
of BA (6-benzyl adenine) and rooted in full-strength MS medium (Murashige and Skoog
medium) supplemented with IBA (indole-3-butyric acid) with a high survival rate [10].
Micropropagation protocols were also developed in L. barbarum [11] and L. chinense [12].

To maintain the effectiveness of in vitro propagation, genetic stability must be ensured,
especially with successive generations. Diverse techniques are used to determine the
genetic stability of regenerated plants in terms of plant genomes or transcribed proteins.
One of these is the random amplified polymorphic DNA (RAPD) PCR technique, which
is a rapid, inexpensive, and simple method for detecting genetic differences as it does
not require any previous information about the plant genome [13]. RAPD-PCR was
used to determine the genetic stability in micropropagated plants of Prunus salicina [14],
Echinacea purpurea [15], Dendrobium fimbriatum [16], and Rhynchostylis retusa [17]. A more
specific technique than RAPD is the inter-simple sequence repeats (ISSR) PCR technique.
It is an efficient, quick, and reproducible technique in which the targets are the DNA
fragments located between adjacent microsatellite regions, while the RAPD-PCR targets
are random [18]. Wójcik et al. [19] used ISSR primers to observe the genetic stability of
regenerated plants of Ribes grossularia L. Both techniques are used together to obtain more
realistic and accurate results [20–22].

Otherwise, the differences in the protein profile of the regenerated plants also reflect
the extent of genetic stability at the level of gene expression. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) is a technique used to show the differences
in the transcribed polypeptides in the micropropagated plants concerning the mother
plant [23,24]. The SDS-PAGE technique was assessed to check the genetic stability of
in vitro micropropagated plants of Pilosocereus robinii [24], Musa spp. [25], and Phoenix
dactylifera L. [26]. At both levels, the DNA genome and the transcribed proteins are
essential for recognizing the genetic stability in the regenerated plants of L. schweinfurthii.

The functional effect of certain plant species and their use in folk medicine depend
mainly on their active secondary metabolites [27,28]. Plants of L. schweinfurthii have been
reported to contain a high level of phenolic compounds, particularly flavonoids [29]. These
secondary metabolites play a major role in adapting the plant to the environment and main-
taining its survival [30]. Flavonoids are naturally produced phenolic compounds in plants
and play an important role in the protection against unfavorable environmental conditions
such as drought [31], high concentrations of aluminum in soil [32], UV-irradiation [33], and
defense plants against herbivores, bacteria, and fungi [34]. Phenolic compounds have a role
in modern human therapy, e.g., controlling hyperglycemia associated with type 2 diabetes
at early stages when included in the human diet [35]. Moreover, flavonoids are reported to
protect humans against numerous diseases due to the fact of their strong anti-oxidative [36],
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anti-inflammatory [37], anticarcinogenic [38], antiviral [39], and antibacterial [40] activi-
ties as well as a direct cytoprotective effect on several human systems (i.e., coronary and
vascular systems) and organs (i.e., liver and pancreas) [41,42]. These features put them
among the most attractive natural substances available for enhancing the options of the
previously mentioned therapy [43]. The leaves of L. schweinfurthii contain large quantities
of flavonoids compared to roots, stems, and flowers [44]. The main phenolics found in
leaves are quercetin, kaempferol, gallic acid, ferulic acid, and apigenin [29]. Six glucosides
have been isolated from L. schweinfurthii. Four of them showed a potent inhibitory activity
that could decrease postprandial hyperglycemia in diabetic patients [45].

Although many plants contain high-value phenolic compounds, it is difficult to
cultivate at a large-scale due to the specific ecological conditions. Corresponding plant
in vitro cultures, particularly plant cell cultures, provide an attractive alternative source of
phenolics that can overcome the limitations of extracting useful metabolites from limited
natural resources [46]. Obtaining phenolic compounds from plant’s in vitro cultures is one
of the more interesting research areas in recent decades due to the fact of their benefits.
Phenolic content can be elevated in culture medium such as in Zingiber officinale Rosc. [47],
Sequoia sempervirens [48], Rosa damascene Mill [49], and grape [50].

It is worth searching for alternative plant sources to meet the nutritional needs of
humans and to protect them from diseases resulting from malnutrition and a lack of
functional substances in the future. Thus, the present study is the first attempt to optimize
a protocol for direct in vitro plant regeneration in L. schweinfurthii as well as to evaluate its
phenolic, flavonoid, ferulic acid contents, and antioxidant activity of in vitro leaves’ extract.

2. Materials and Methods

2.1. Plant Material and Culture Conditions

Fruits of L. schweinfurthii were collected during March 2016 from Jazirat Al-Kawm
Al-Akhdar (the green islet) located in Burullus Lake (northern Nile Delta), Egypt. The
fruits were air-dried for approximately 120 h, and then their envelopes were removed
to obtain their seeds. The plant seeds were washed with 70% ethanol for 30 s, and then
they were surface sterilized by soaking in 30% commercial Clorox for 10 min. Seeds were
washed with sterilized distilled water 4 times to remove the remaining bleach.

After the sterilization process, seeds were cultured in 300 mL jars containing 30 mL
basal MS medium, including vitamins (Caisson Labs, Smithfield, UT, USA), with 3% sucrose
and solidified using 7% agar (ROTH Company, Carlsruhe, Germany) and incubated at
23 ± 2 ◦C under a 16 h photoperiod of 2500 lux by cool fluorescent lamps.

2.2. In Vitro Micropropagation

For vegetative propagation, nodal segments were cut and cultivated on full-strength
MS media including vitamins supplemented with BA (0.4, 0.8, 1.6, or 3.2 mg L−1), kinetin
(0.4, 0.8, 1.6, or 3.2 mg L−1), BA + Kin (0.2 + 0.2, 0.4 + 0.4, 0.8 + 0.8, or 1.6 + 1.6 mg L−1),
or BA + Kin + NAA (0.2 + 0.2 + 0.2 or 0.4 + 0.4 + 0.4 mg L−1) and on basal MS medium
as a control. Seven nodal explants were used for shoot formation in each treatment.
Regenerated shootlets were then transferred to basal full-strength MS, half-strength MS,
half-strength MS medium fortified with NAA (0.4, 0.8, or 1.6 mg L−1) or IBA (0.4, 0.8, or
1.6 mg L−1). To determine the rooting capacity and the most suitable rooting medium,
eight shootlets were used in each treatment.

2.3. DNA Extraction and PCR Amplification Conditions

Total DNA was extracted from leaves of two in vitro mother plants and their micro-
propagated plantlets for three generations using the E.Z.N.A. kit (VWR, Darmstadt, Ger-
many). Twelve primers (i.e., 7 RAPD and 5 ISSR) out of a total of twenty primers (Thermo
Fisher, Frankfurt, Germany) were selected to amplify DNA fragments. The protocol for
RAPD and ISSR analysis was adapted from Martins et al. [51] and Williams et al. [52]. PCR
was performed in a volume of 20 μL using Invitrogen™ Platinum™ master mix (Thermo
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Fisher, Frankfurt, Germany). The amplification reaction consisted of an initial denaturation
step at 94 ◦C for 5 min, followed by 43 cycles of 1 min at 92 ◦C, 1 min at a specific annealing
temperature (Table 1), and 2 min at 72 ◦C; there was one last extension step of 7 min
at 72 ◦C. Amplifications were performed in a Bio-Rad T100™ thermal cycler (Bio-Rad
Laboratories, Hercules, CA, USA) for both RAPD and ISSR. DNA amplification fragments
were separated with 1.5% agarose gel using 1x TBE buffer and stained with Red-Safe™
nucleic acid staining solution. Gels were then analyzed with CAMAG® TLC Visualizer 2
(CAMAG, Muttenz, Switzerland).

Table 1. Sequences and annealing temperatures of primers used for the RAPD and ISSR analysis of L. schweinfurthii.

Primer Name Sequence Annealing Temperature (◦C)

RAPD primers

OPA-10 5′-GTGATCGCAG-3′ 40.5
OPAJ-01 5′-ACGGGTCAGA-3′ 43
OPAK-06 5′-TCACGTCCCT-3′ 42
OPAK-20 5′-TGATGGCGTC-3′ 41
OPAQ-20 5′-GTGAACGCTC-3′ 40.5
OPB-18 5′-CCACAGCAGT-3′ 42
OPR-09 5′-TGAGCACGAG-3′ 42

ISSR primers

HB11 5′-GTGTGTGTGTGTCC-3′ 54
HB12 5′-CACCACCACGC-3′ 50.9
HB13 5′- GAGGAGGAGGC-3′ 48
HB14 5′-CTCCTCCTCGC-3′ 48
HB15 5′-GTGGTGGTGGC-3′ 50.9

2.4. Protein Extraction and SDS-PAGE

Total protein was extracted from the healthy leaves of two in vitro mother plants
and their micropropagated plantlets for three generations. Ten milligrams of ground, fine
powder were homogenized thoroughly with a 400 μL extraction buffer (0.6 g Tris base, 0.2 g
sodium dodecyl sulfate (SDS), 30 g of urea, and 1 mL β-mercaptoethanol in 100 mL double-
distilled water) using vortex. The mixture was centrifuged at 13,000 rpm for 10 min at room
temperature after keeping overnight at 4 ◦C. Twenty microliters of the extracted protein
samples were boiled in a water bath for 3–5 min before loading them on the gel. SDS-PAGE
was performed according to Laemmli [53] using 12.5% resolving gel, 4% stacking gel, and
bromophenol blue as a tracking dye. After carrying out the electrophoresis at 150 volts
and 25 milliamperes, the gel was de-stained in a methanol:glacial acetic acid:water (4:1:5)
mixture. Then, it was kept overnight in Coomassie Brilliant Blue buffer for staining. The
gel was photographed, and the molecular weights of the polypeptide bands were estimated
against protein molecular weight marker.

2.5. Secondary Metabolites
2.5.1. Sample Preparation and Extraction

Leaves of micropropagated plants were randomly collected, freeze-dried, and ground.
One gram was collected and Soxhlet extracted with 200 mL of 80% aqueous methanol
for 24 h. The extract was concentrated with a rotary evaporator to a concentration of
50 mg mL−1 which was then subjected to estimate the phenolic and flavonoid contents
as well as the antioxidant activity. More diluted leaves’ extract of 10 mg mL−1 was
used to quantify the ferulic acid content through HPTLC (high-performance thin layer
chromatography) analysis.

2.5.2. Total Phenolic Assay

The total phenolic content of the leaves was determined using the Folin–Ciocalteu
assay as described by Marinova et al. [54] with some modifications. An aliquot (200 μL)
of extracts or gallic acid (Sigma–Aldrich, St. Louis, MO, USA) standard solution (10, 20,
30, 40, 50, and 100 mg L−1) was added to a 5 mL Eppendorf tube containing 1.8 mL
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distilled deionized water. Two hundred microliters of Folin-Ciocalteu’s reagent (Merck,
Schnelldorf, Germany) were added to the mixture and shaken. After 5 min, 2 mL of
7% sodium carbonate (VWR chemicals, Darmstadt, Germany) solution was added and
mixed thoroughly. The mixture was diluted to 5 mL with distilled water and incubated for
90 min in the dark at room temperature. The absorbance against the reagent blank was
determined at 750 nm with an Analytic Jena Specord® 250 Plus UV-Vis spectrophotometer.
Total phenolic content is expressed as mg GAE g−1 DW (mg gallic acid equivalents/g dry
weight) and calculated as follows: T = CV/M, where T is the total phenolic content, C is
the concentration of gallic acid estimated in mg mL−1, V is the volume of extract solution
in mL, and M is the weight of extract in g.

2.5.3. Total Flavonoid Assay

Total flavonoid content was measured using the aluminum chloride assay as described
by Marinova et al. [54] with some modifications. An aliquot (500 μL) of extracts or catechin
standard (Sigma–Aldrich, St. Louis, MO, USA) solution (10, 20, 30, 40, 50, and 100 mg L−1)
was added to a 5 mL Eppendorf tube, containing 2 mL distilled water. To the diluted
sample, 150 μL of 5% sodium nitrite (AppliChem, Darmstadt, Germany) was added. After
5 min, 150 μL of 10% aluminum chloride (Carl-Roth, Carlsruhe, Germany) was added. At
the sixth min, 1 mL of 1 M sodium hydroxide was added, and the total volume was diluted
to 5 mL using distilled water. The absorbance was measured against reagent blank at
510 nm, and total flavonoids were expressed as mg CE g−1 DW (mg catechin equivalent/g
dry weight) and calculated by the equation: T = CV/M, where T is the total flavonoid
content, C is the concentration of catechin estimated in mg mL−1, V is the volume of extract
solution in ml, and M is the weight of extract in g.

2.5.4. HPTLC Conditions

The high-performance thin-layer chromatography (HPTLC) system (Camag, Muttenz,
Switzerland) consisted of a Limomat 5 connected to compressed air, an Automatic Devel-
oping Chamber 2 (ADC 2), and a TLC Visualizer 2 supported with visionCATS software.
An analytical grade of ferulic acid (Merck, Germany) was used to prepare 400 μg ml−1 in
methanol as a calibration standard against dry leaves’ extracts of micropropagated plants.
TLC silica gel 60 F254 aluminum plates (10 × 20 cm, Merck, Darmstadt, Germany) were
used for the TLC analysis. Standard and samples were applied to plates as 8 mm bands,
8 mm from the bottom edge of the layer, using Linomat 5. A ferulic acid standard solution
of 400 μg ml−1 of a volume of 2–9 μL was applied against 2, 4, 6, 8, 10, 12, and 14 μL of
dry leaves’ extract. A mixture of ethyl acetate/methanol/water (100:13.5:10, v/v/v) was
used as the mobile phase. Plates were developed at room temperature and 60% humidity
in an ADC2 automated development chamber. The migration distance of the mobile phase
was 70 mm with a development time of 9 min. After development, the chromatogram was
visualized and photographed by Visualizer 2 at 254 and 366 nm. The ferulic acid content in
the samples was expressed as mg g−1 DW.

2.6. Antioxidant Capacity

The antioxidant capacity of the micropropagated leaves’ extract was measured using
the DPPH (diphenyl-1-picryl-hydrazyl) assay according to Olalere et al. [55] and the ABTS
(2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) assay according to Gabr et al. [56].

2.6.1. DPPH Free Radical Scavenging

DPPH is highly sensitive in detecting small differences in antioxidant activities. It
is a stable free radical that can accept a hydrogen radical or an electron to convert to a
stable molecule. The stock solution of DPPH reagent (1 mM) was prepared and stored at
–20 ◦C until use. The working solution (0.06 mM) was prepared to obtain an absorbance
value of 0.8 ± 0.04 at 515 nm. Ten different extract concentrations of micropropagated
leaves (between 0.25 and 0.7 mg mL−1) were prepared. The absorbance at 515 nm (A1)
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was measured for a mixture of 0.5 mL of each extract concentration with 2.5 mL DPPH
working solution after incubation in the dark at room temperature for 30 min. Ethanol was
used instead of extract to obtain the absorbance of the control reaction (A0). The DPPH
radical scavenging activity percentage was calculated as follows: ((A0 − A1)/A0)× 100.
The inhibition percentage was plotted against the different concentrations of the leaves’
extracts to generate a straight-line equation. The extract concentration required to scavenge
half of the DPPH radicals (IC50) was then determined.

2.6.2. ABTS Free Radical Scavenging

A 7 mM ABTS solution was reacted with 2.4 mM potassium persulphate solution at
a ratio of 1:1 (v/v). The solution was incubated in the dark at room temperature for 16 h.
One milliliter of the prepared ABTS+ solution was diluted with 60 mL methanol resulting
in a working solution with an absorbance of 0.60 ± 0.01 at 728 nm. Fourteen different
extract concentrations of micropropagated leaves (between 1.0 and 5.5 mg mL−1) were
prepared. The absorbance at 734 nm (A1) was measured for a mixture of 40 μL of each
extract concentration with 1.96 mL blue-green ABTS+ working solution after incubation in
the dark at 37 ◦C for 10 min. The control reaction (A0), which contains all reagents except
the test compound, was run identically. The ABTS+ radical scavenging activity percentage
was calculated as follows: ((A0 − A1)/A0)× 100. The inhibition percentage was plotted
against the different concentrations of the dry leaves’ extracts to generate a straight-line
equation. The concentration of extract required to scavenge half of the ABTS+ radicals
(IC50) was then determined.

2.7. Recording Data and Statistical Analysis

The number of plantlets, leaves, distinct nodes, and shootlet length were estimated and
recorded after five weeks of cultivation. Recorded data were subjected to statistical analysis
of variance (ANOVA) using SigmaPlot v.12.5. The Shapiro–Wilk normality test failed for
all data and also for the transformations in the number of plantlets, nodes, roots, and root
length. Then, the power of the performed test decreased from 0.50 to 0.001. The normality
test passed in shootlet length and passed in the number of leaves after transformation into
the square root. The Holm–Sidak method was applied for pairwise comparisons.

RAPD, ISSR, and SDS-PAGE data were scored for presence (1) and absence (0). Three
matrices were generated, one for each analysis type. The genetic similarities were calculated
according to Jaccard’s index. A dendrogram showing the genetic stability between the three
generations’ individuals and the mother plant was constructed using UPGMA (unweighted
pair group method with arithmetic average) through CAP 1.2 software [57].

3. Results and Discussion

3.1. In Vitro Propagation

During the study of in vitro seed germination of L. schweinfurthii, the percentage of
microbial contamination based on the method of sterilization used in culture media was
16.67%, and the maximum percentage of germination in non-contaminated cultures was
30% (Figure 1). Although due to the plant’s relatively low germination percentage, it was
noticed that the germinated plants had plenty of leaves, convergent nodes, and elongated
stems. The low growth rate reflected the low spread of the plant across large areas in the
wildlife, which means that the in vitro multiplication of the plant is of great significance.

In an attempt for intensive plant micropropagation, nodal segments of sterilized
germinated seedlings were cut and transferred into full-strength MS medium fortified with
different concentrations of BA, Kin, and NAA as explained in Table 2. Strong variability
was obtained in the number of leaves and shoot length of regenerated plantlets after
5 weeks of culture.
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Figure 1. In vitro plant micropropagation protocol of L. schweinfurthii: (a) aseptic seedling; (b) shoot
formation after five weeks of culture on MS medium supplemented with 0.4 mg L−1 Kinetin; (c) roots
formed on MS medium fortified with 0.4 mg L−1 IBA (indole-3-butyric acid).

Table 2. Effect of different concentrations of BA, Kin, and NAA on micropropagation of L. schweinfurthii from nodal cuttings.

Treatment (mg L−1) Number of
Plantlets

Number of
Distinct Nodes

Number of
Leaves

Shootlet Length
(cm)BA Kin NAA

- - - 1.00 ± 0.00 abc 1.00 ± 0.00 abc 4.14 ± 0.46 c 0.56 ± 0.03 b

0.4 - - 1.43 ± 0.48 abc 3.29 ± 0.89 ab 20.71 ± 3.66 ad 1.24 ± 0.40 b

0.8 - - 1.00 ± 0.22 abc 1.71 ± 0.47 abc 5.86 ± 2.19 cd 0.83 ± 0.17 b

1.6 - - 1.14 ± 0.14 abc 1.29 ± 0.18 abc 7.14 ± 2.44 bcd 0.71 ± 0.19 b

3.2 - - 0.29 ± 0.18 c 0.43 ± 0.30 b 1.86 ± 1.70 c 0.20 ± 0.13 b

- 0.4 - 1.86 ± 0.46 ab 5.86 ± 0.91 a 26.00 ± 4.34 a 2.83 ± 0.39 a

- 0.8 - 0.86 ± 0.14 abc 1.71 ± 0.52 abc 8.00 ± 2.17 bcd 0.93 ± 0.25 b

- 1.6 - 0.14 ± 0.14 c 0.14 ± 0.14 b 0.43 ± 0.43 c 0.07 ± 0.07 b

- 3.2 - 0.86 ± 0.14 abc 1.00 ± 0.22 abc 8.14 ± 1.97 bcd 0.64 ± 0.13 b

0.2 0.2 - 2.00 ± 0.44 a 3.86 ± 1.12 a 22.14 ± 4.49 ab 1.23 ± 0.20 b

0.4 0.4 - 1.29 ± 0.18 abc 2.14 ± 0.55 abc 12.71 ± 4.20 a 1.11 ± 0.24 b

0.8 0.8 - 1.43 ± 0.30 abc 2.14 ± 0.46 abc 12.43 ± 3.61 a 1.14 ± 0.31 b

1.6 1.6 - 1.00 ± 0.22 abc 1.71 ± 0.61 abc 8.29 ± 2.73 bcd 0.91 ± 0.26 b

0.2 0.2 0.2 0.57 ± 0.37 c 1.00 ± 0.66 abc 6.00 ± 3.93 cd 0.51 ± 0.34 b

0.4 0.4 0.4 0.43 ± 0.20 c 1.29 ± 0.97 abc 4.43 ± 2.41 c 0.63 ± 0.38 b

Pairwise comparison was conducted according to the Holm–Sidak method at p ≤ 0.05. Seven replicates were used for each treatment;
BA, 6-benzyl adenine; Kin, kinetin; NAA, naphthalene acetic acid. The letters a, b, c, and d represent the pairwise comparison and the
significance between treatments.

The highest significant results of shootlet length were observed in plantlets produced
in MS medium with 0.4 mg L−1 kinetin, while 0.4 BA, 0.4 kinetin, and 0.2 BA + 0.2 Kin
(in mg L−1) were recorded as highly significant in the number of distinct nodes (Figure 1).
Although 0.4 mg L−1 kinetin was non-significant in other variables, with most treatments
used it was the best in terms of the average number of leaves at approximately 26 leaves
per regenerated plant. Moreover, it was second (1.86 plantlets/nodal segment) after
0.2 + 0.2 mg L−1 Kin + BA in terms of the number of plantlets regenerated per inoculated
cut (2 plantlets/ nodal segment).

In vitro propagation of plants depends mainly on the addition of cytokinins to culture
media and, sometimes, in addition to a lower concentration of auxins [58]. Two cytokinins
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(BA and Kin) and one auxin (NAA) were used for multiple shoot formations from nodal
segments of L. schweinfurthii. The lower concentrations of cytokinins (BA or Kin) were
the best in all determined variables, such as the number of plantlets, nodes, leaves, and
shoot length. In the present study, a reduction in shoot proliferation by increasing benzyl-
adenine or kinetin in the culture medium was noticed. Furthermore, similar results were
observed when combinations between both growth regulators were added but with a total
concentration the same as the concentration of only one of them. This allows saying that
shoot formation in L. schweinfurthii may depend more on the concentration of the hormone
than its type. These results are different from results obtained in the micropropagation of
Magnolia sirindhorniae, Eryngium alpinum, and Argania spinosa. Shoots of M. sirindhorniae
were optimally induced in a half-strength MS medium supplemented with a combination of
BA, NAA, and gibberellic acid (GA3) with higher concentrations, i.e. 2.0 + 0.1 + 2.0 mgL−1,
respectively [7]. A solid MS medium combined with BA, IAA, and GA3 was successful
in shoot proliferation of E. alpinum [8]. Moreover, the highest adventitious shoots of the
endangered plant, A. spinosa, were observed on MS medium containing 1 mg L−1 BA and
2 mg L−1 GA3 [59].

For completing in vitro micropropagation of the studied species, shootlets of the plant
were transferred firstly to full- and half-strength MS media without growth regulators for
root initiation. It was noticed that the number and length of roots that emerged in 1/2 MS
were better than in the full-strength MS. Therefore, the experiment was repeated with the
same treatments in addition to adding NAA and IBA to half-strength MS for rooting en-
hancement. It was found that increasing NAA concentration to medium reversely affected
rooting production. Otherwise, the addition of 0.4 mg L−1 IBA enhanced the number of
roots and the root length but with non-considerable significance with other treatments
according to pairwise comparison using the Holm–Sidak method (Figure 1). Although the
highest mean of the number of roots emerged per plant and long roots obtained in IBA
treatments, not all eight shootlets showed a rooting response to the treatment. This led
to a high standard error in several treatments and hid the significant differences between
the different IBA concentrations used (Figure 2). However, the IBA treatments showed
significantly better root formation and enhancement than NAA treatments.

 

Figure 2. In vitro rooting of L. schweinfurthii shoots on MS medium fortified with different auxins.
Pairwise comparison showed no significant differences between treatments at p ≤ 0.05 using the
Holm–Sidak method. Eight replicates were used in each treatment. PGR, plant growth regulators;
MS, full-strength MS salts; 1/2MS, half MS salts; IBA, indole-3-butyric acid; NAA, naphthalene
acetic acid.
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In this study, half-strength MS medium with NAA and IBA were used for root stimu-
lation, and IBA was the best for root formation enhancement. The results were consistent
with other studies where IBA stimulated sufficient root induction in several species includ-
ing Cardiospermum halicacabum [60], Dorem ammoniacum [61], Achyranthes aspera [62], and
Prunus armeniaca L. [63].

3.2. Genetic Stability of Micropropagated Plantlets

For determining the genetic stability in the suggested micropropagation protocol,
RAPD, ISSR, and SDS-PAGE analyses were performed to compare between the in vitro
mother plant and its micropropagated plantlets, which resulted from using MS medium
fortified with 0.4 mg L−1 BA for three generations and two individuals from each genera-
tion. Among the 20 primers screened (10 RAPD and 10 ISSR), only 12 primers produced
clear and detectable amplified DNA fragments and were used in further PCR analysis.

With seven RAPD primers, 29 DNA fragments (a total of 137 scorable bands) were
amplified in the mother plant and its three generations plantlets. Jaccard’s similarity coef-
ficient, ranging between 0.36 and 0.56, was obtained. The second and third generations
showed a similarity of 0.48 and 0.52 to the mother plant, respectively. The highest poly-
morphism of 100% was observed in fragments amplified with OPA10 and OPAJ01 primers,
while the lowest of 50% was in the amplified fragments using OPB18 primer. Only eight
monomorphic fragments out of 29 DNA fragments were recorded. Furthermore, 28 DNA
fragments (a total of 107 scorable bands) were amplified using five ISSR primers, while a
similarity of 0.33-0.70 was recorded. The highest similarities to the mother plant were in the
first (0.66) and third (0.55) generations (Figure 3). A higher polymorphism was observed
over RAPD, where the lowest was 75% in the HB13 and HB14 primers and the highest was
100% in the HB11 primer. Out of 28 DNA fragments amplified with five ISSR primers, only
four fragments were monomorphic.

Figure 3. RAPD and ISSR profiles with primers mentioned in Table 1 of three micropropagated
generations of L. schweinfurthii compared to the mother plant. MP, mother plant; 1st, first-generation
plantlets; 2nd, second-generation plantlets; 3rd, third-generation plantlets.

In SDS-PAGE analysis, sixteen polypeptides were separated with a similarity between
0.54 and 0.82. The first and second generations showed high similarity to the mother
plant of 0.68 and 0.74, respectively (Figure 4). Half of the separated polypeptides were
monomorphic, as they were found in all protein extracts. It was noticed also that there
were two unique polypeptides of 82 and 108 KDa that were separated only in a plant in the
third generation (3rd_1). The expressed protein showed uniformity between the mother
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plant and most of the plant individuals studied. On the contrary, only eight polypeptides
were separated from L. schweinfurthii seed proteins in the study by El-Ghamry et al. [64].

Figure 4. SDS-PAGE analysis of total protein bans extracted from three micropropagated generations
of L. schweinfurthii compared to the mother plant. M, marker; MP, mother plant; 1st, first-generation
plantlets; 2nd, second-generation plantlets; 3rd, third-generation plantlets showing three of the
monomorphic polypeptides detected.

Three matrices of RAPD, ISSR, and SDS-PAGE were merged and analyzed to show
the clonal fidelity of the DNA and protein levels together. The dendrogram of genetic dis-
tances among the in vitro and micropropagated plants based on amplified DNA fragments
generated by RAPD and ISSR primers and polypeptides separated in SDS-PAGE is shown
in Figure 5. The distances in the dendrogram revealed that the first and third generations
of the first plant individuals (1st_1 and 3rd_1) were more similar than the second genera-
tion (2nd_1). Furthermore, the second generation of the second individual (2nd_2) was
more similar to the mother plant than the first (1st_2) and third (3rd_2) generations. The
results showed that the generation that was more similar to the in vitro plants had the
higher Jaccard’s similarity coefficient which ranged between 0 (completely different) and
1 (identical). The first micropropagated generation showed a higher similarity coefficient to
the mother in vitro plants of 0.56–0.58. On the other hand, the second generation showed
a similarity coefficient of 0.44–0.61, while the third one showed a similarity coefficient of
0.52–0.56 (Table 3). It was also obtained that the conditions of propagation in this study
lowered the tendency of the plants to be genetically stable.

It is necessary after micropropagation to check the genetic uniformity of microprop-
agated plantlets [65]. Two PCR-based techniques (RAPD and ISSR) and a biochemical
marker technique (SDS-PAGE) were used in the present study to test the genetic stability
and polypeptide content because of their rapidity, simplicity, and effectiveness as well as
the fact that they do not need prior information about the DNA sequence [66]. Moreover,
the use of different markers in parallel provides better opportunities for genetic alteration
identification between different clones [67]. The molecular markers were not affected
by external environmental factors which, consequently, accurately detected the genetic
variability among the plant clones [68]. The advantage of using both biochemical and
molecular markers is the ability to give an account of the expression stability level of the
DNA regarding the variability that occurred in the plant genome. In the present investi-
gation, it was concluded that molecular and biochemical markers are equally important
for genetic analysis and for the evaluation of the amount of genetic variability among
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the different micropropagated plantlets of L. schweinfurthii. In addition, Osman et al. [69]
determined the genetic relationship between several species of Zea mays and Sorghum using
SDS-PAGE of seed protein as well as RAPD-PCR markers.

Figure 5. UPGMA dendrogram based on data generated from biochemical and molecular markers,
showing the genetic linkage distance among the different micropropagated plantlets in different gen-
erations of L. schweinfurthii. MP, mother plant; 1st, first-generation plantlets; 2nd, second-generation
plantlets; 3rd, third-generation plantlets.

Table 3. Jaccard’s similarity coefficient concerning similarities in DNA fragments generated in RAPD
and ISSR analyses and protein polypeptides through SDS-PAGE.

Mother Plant 1st_1 1st_2 2nd_1 2nd_2 3rd_1 3rd_2

Mother Plant

1st_1 0.5806

1st_2 0.5593 0.5738

2nd_1 0.4364 0.4821 0.5714

2nd_2 0.614 0.6271 0.5 0.54

3rd_1 0.5625 0.6508 0.5556 0.4912 0.6333

3rd_2 0.5246 0.5645 0.5424 0.4717 0.569 0.7368

In the present analysis, SDS-PAGE revealed the high stability of expressed proteins
in the micropropagated plantlets compared to the amplified DNA fragments assessed by
RAPD- and ISSR-PCR techniques. This indicates that it was supposed to have modifications
in plantlet DNA, especially in the non-coding region. This effect may be related to the PGR
used in micropropagation, as it was noticed that 6-benzyl adenine affects DNA and causes
mutations [70]. In a study by Alizadeh and Singh [71], the similarity coefficient was 1 (in
both RAPD and ISSR) in most clones, although there were low coefficients of 0.53 (RAPD)
and 0.63 (ISSR) recorded in some clones of Vitis spp. micropropagated plantlets. This also
raises the idea of the effects of PGRs and the cultivation conditions on the genetic stability
of cloned plants.

3.3. Phenolic and Flavonoid Content Estimation

The phenolic and flavonoid contents of the micropropagated plant leaves’ extract
were estimated spectrophotometrically in terms of gallic acid and catechin equivalence
(GAE: gallic acid equivalent; CE: catechin equivalent) at 750 and 510 nm, respectively.
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Three replicates of different concentrations of gallic acid and catechin (10, 20, 30, 40, 50,
100, 150, 200, and 300 μg ml−1) were used to deduce the standard curves for determination
of phenolic and flavonoid content, respectively. The generated equation for the gallic
acid standard curve was y = 0.0043x + 0.0019

(
R2 = 0.9995

)
. Furthermore, the generated

one for the catechin standard curve was y = 0.0034x − 0.0039
(

R2 = 0.9993
)
. The result

obtained from the total phenolic content estimation of the in vitro leaves’ extracts was
11.53 mg GAE g−1 DW. However, the total flavonoid content was estimated as 12.99 mg
CE g−1 DW.

From the rich plant sources of phenolics, Acacia nilotica, Acacia catechu, and Albizia
lebbeck contain 80.63, 78.12, and 66.23 mg GAE, respectively [72]. Moreover, higher phenolic
contents were estimated in the fruits of Solanum indicum and S. surattense of 250.4–289.5 mg
GAE g−1 DW [73]. Despite the relatively lower total phenolics detected in this study,
the global problem of food shortage necessitates the search for nutritional alternatives as
well as nutritional supplements that preserve human health and vitality. On the other
hand, the production of the active substance in vitro will remain the most appropriate
solution that saves time and effort, especially due to the decline of global cultivated land
and climate risks.

3.4. HPTLC Analysis

During the estimation of ferulic acid in dry leaves’ extract, the retardation factor (Rf)
of the 400 μg ml−1 standard was 0.62 (Figure 6). The eight reference volumes (2–9 μL) of
the standard were used to generate a linear calibration curve. The linear equation obtained
was y = 5.601 × 10−8x where R = 95.21%, and the coefficient of variation (CV) was 11.77%.
Only four of the seven different volumes of dry leaves’ extract samples (2, 4, 6, and 8 μL)
were detected in the calibration range (Figure S5). The final results showed that the mean
of ferulic acid content in the three samples within the calibration range was 45.52 mg g−1

DW where the CV = 1.19% (Table 4). The HPTLC method was simple, reproducible, and
sensitive in the separation and determination of ferulic acid. It was used to estimate ferulic
acid in Lycopodium clavatum [74], Setaria italica [75], and Ricinus communis Linn. [76].

 

Figure 6. HPTLC chromatogram of L. schweinfurthii micropropagated leaves’ extract against ferulic
acid standard captured at 366 nm. Tracks 1–8: ferulic acid, 400 μg ml−1 of volume 2–9 μL; Tracks
9–15: dry leaves’ extract of volume 2, 4, 6, 8, 10, 12, and 14 μL.

Table 4. A summary of the results of the total phenolic content, total flavonoid content, ferulic acid
content, and antioxidant activity of micropropagated L. schweinfurthii dried leaves.

Contents and Antioxidant Capacity Obtained Results

Total phenolic content 11.53 GAE g−1 DW
Total flavonoid content 12.99 CE g−1 DW
Ferulic acid content 45.52 mg g−1 DW
IC50 with DPPH analysis 0.43 mg mL−1

IC50 with ABTS+ analysis 1.99 mg mL−1
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3.5. Antioxidant Activities

The results obtained from the antioxidant assay revealed that 0.43 mg mL−1 of the
in vitro leaves’ extract were required to scavenge half of the DPPH stable radicals (IC50).
However, 1.99 mg mL−1 of the leaves’ extract were required to scavenge half of the stable
ABTS free radicals (Table 4). According to plotting the inhibitory effect, the sensitivity and
efficiency of the DPPH assay were higher than the ABTS assay. On the other hand, only
107.57 and 94.71 μg ml−1 of black pepper extracts were required to scavenge half of the
DPPH and ABTS stable radicals, respectively [55].

4. Conclusions

In this study, we successfully established a suitable, rapid, and efficient protocol for
in vitro micropropagation of L. schweinfurthii from nodal segments. Reproducible genetic
and biochemical techniques were performed to determine the stability of plant genome and
expressed proteins in regenerated in vitro plants. The importance of the leaves’ extract was
proven through the content and activity. This protocol should be useful in future studies
for in vitro secondary metabolite production from this plant.
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Abstract: Rhodiola rosea L. is a valuable medicinal plant with adaptogenic, neuroprotective, antitumor,
cardioprotective, and antidepressant effects. In this study, design of experiments methodology was
employed to analyze and optimize the interacting effects of mineral compounds (concentration of
NO3

− and the ratio of NH4
+ to K+) and two plant growth regulators [total 6-benzylaminopurine

(BAP) and α-naphthylacetic acid (NAA) concentration and the ratio of BAP to NAA] on the growth
and the production of total phenolic compounds (TPCs) in R. rosea calluses. The overall effect of
the model was highly significant (p < 0.0001), indicating that NH4

+, K+, NO3
−, BAP, and NAA

significantly affected growth. The best callus growth (703%) and the highest production of TPCs
(75.17 mg/g) were achieved at an NH4

+/K+ ratio of 0.33 and BAP/NAA of 0.33, provided that the
concentration of plant growth regulators was 30 μM and that of NO3

− was ≤40 mM. According
to high-performance liquid chromatography analyses of aerial parts (leaves and stems), in vitro
seedlings and callus cultures of R. rosea contain no detectable rosarin, rosavin, rosin, and cinnamyl
alcohol. This is the first report on the creation of an experiment for the significant improvement of
biomass accumulation and TPC production in callus cultures of R. rosea.

Keywords: roseroot; in vitro culture; design of experiments; nitrogen source; plant growth regulator;
methyl jasmonate; HPLC; phenolic compound; histochemistry

1. Introduction

The application of plant in vitro systems as a sustainable platform for the biotechno-
logical production of pharmaceuticals is a promising alternative to the traditional pipeline.
In vitro systems possess numerous advantages, including biosynthesis of safe metabolites
according to good manufacturing practices (GMP) and independence from environmental
factors [1–3]. In addition, this approach does not threaten natural populations of rare and
endangered plant species. One of the species currently in demand for the biotechnological
production of natural substances, having adaptogenic properties and various medicinal
effects [4–6], is Rhodiola rosea L. from the Crassulacea family. Recently, R. rosea was actively
used in the manufacture of various dietary supplements [7]; large volumes of harvesting
in the wild and a slow rate of renewal have put this species on the brink of extinction.
Notably, most of the products on the market are based on the raw material collected from
wild populations in the Altai region (Russia) [5]. It is fairly well documented that the
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standard in vitro culture of R. rosea is not efficient enough to compete with wild plants with
respect to the accumulation of active ingredients. In almost all earlier reports, researchers
admit the lack or only traces of the important compounds in their in vitro experiments
with roseroot [8–11]. In in vitro cultures, a significant enhancement of the production of
rosin and its derivatives is observed when the cultures are fed with a precursor: cinnamyl
alcohol [2,8,12]. In R. rosea compact callus aggregate cultures, the observed rosin and
rosarin content is even higher than that in field-cultivated plants, while the rosavin level is
five times lower. Recently developed hairy root cultures of Rhodiola kirilowii (Regel) Maxim.
supplemented with cinnamyl alcohol exhibit a higher potential for the production of rosin
and its derivatives in comparison to field-cultivated plants [13]. It has been shown that
light quality has a stimulatory effect on secondary-metabolite production in callus cultures
of R. imbricate Edgew [14]. Therefore, new approaches should be developed to overcome
the shortage of active ingredients in in vitro cultures.

In this study, the design of experiments (DoE) methodology was utilized to examine the
parameters that affect callus biomass accumulation and production of phenolic compounds
by R. rosea. DoE is a statistical methodology that allows simultaneous testing of multiple
factors to understand and improve complex systems [15,16].

Mineral nutrients are some of the most basic components of plant tissue culture media.
Nitrogen (N) in the form of NH4

+ or NO3
− is the dominant mineral nutrient in most tissue

culture formulations [17]. The culture of isolated plant tissues is autotrophic with respect
to the N source. From inorganic N sources, tissues synthesize all organic nitrogenous com-
pounds necessary for normal physiological processes [18]. The concentration and form of N
in tissue culture media have a significant influence on cell growth and differentiation [19].
The most common N forms used in tissue culture growth media are NO3

− and NH4
+. The

effects of N may be dependent on either the total N concentration or the proportion of
NO3

− and NH4
+. In general, NO3

− is the favored form for N assimilation in most plants;
NH4

+ is sometimes not required and at high concentrations may be toxic [19,20]. For most
plants, a combination of NO3

− and NH4
+ is better than either NO3

− or NH4
+ as a sole

source of N. Changes of NH4NO3 and KNO3 concentrations will alter the concentrations
and proportions of K+, NO3

−, and NH4
+ in the culture medium [21]. In plant tissue culture

media, N is present as various salts and varying the proportions of salts creates the problem
of ion confounding between the effect of the N source and the effect of the counter ion
in that salt. Varying the NH4

+/K+ ratio and the total nitrate ion concentration NO3
−

in a two-component mixture facilitates the direct estimation of mineral nutrients’ effects
without the ion confounding of a salt-based approach [17]. Computer-aided experimental
design helps formulate practical treatments consisting of several factors or mixtures for
studying the effects of complicated systems, in contrast to the traditional studies or factorial
designs [22].

Various concentrations and combinations of plant growth regulators have been used
to obtain callus and suspension cultures of Rhodiola species. For the induction of callus
formation in these species, a combination of cytokinins and auxins is required [10,23–31].
6-benzylaminopurine (BAP) is one of the most widely used plant growth regulators for
in vitro culture of Rhodiola. Cotyledons, hypocotyl, leaves, apical buds, and internode
fragments, inoculated on media containing BAP (0.2–3 mg/L) in combination with indole-
3-acetic acid (IAA; 0.1 mg/L) [24], α-naphthylacetic acid (NAA; 0.5–3 mg/L) [10,28], or 2,4-
dichlorophenoxyacetic acid (2,4-D; 0.5–3.0 mg/L) [25,31] have been the most appropriate
explant types and media constituents for induction of well-growing calluses [5].

Numerous authors have demonstrated that the addition of an elicitor (biotic or abiotic)
to a culture medium significantly increases the production of secondary metabolites in vitro
by triggering a metabolic cascade [32,33]. Jasmonic acid and methyl jasmonate (MJ) are rec-
ognized as effective elicitors that trigger the biosynthesis of secondary defense compounds
in callus and suspension cultures by activating the genes of secondary metabolism [34]. For
example, jasmonic acid has been shown to enhance phenolic-compound production and
bioactivity in a suspension culture of R. imbricate [28].
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In the present study, the DoE approach was used to explore the relations among
multiple factors in a new rapid culture method and their influence on process outcomes.
DoE is particularly useful for examining interactions among factors that cannot be predicted
by experiments designed to test one factor at a time (OFAT) [35]. In our study, four
factors were tested that influence biomass accumulation and the production of phenolic
compounds in the callus culture of R. rosea: ratio NH4

+/K+, NO3
− concentration, ratio

BAP/NAA, and BAP + NAA concentration. In addition, in this study, we evaluated the
impact of MJ in callus culture under optimal nutrient conditions.

2. Results

A summary of ANOVA (analysis of variance), the lack-of-fit test, and three R2 statistics
for % fresh weight increase and dry weight is presented in Table 1. The percent fresh weight
increase in the biomass of R. rosea callus after 45 days of cultivation varied from 14% to 703%.
The result of the lack-of-fit test was not significant (p = 0.8180), indicating that additional
variation in the residuals could not be removed with a better model. R2, adjusted R2, and
predicted R2 ranged from 0.92 to 0.98. The effect of the overall model was highly significant
(p < 0.0001), indicating that NH4

+, K+, NO3
−, BAP, and NAA significantly affected the

growth. ANOVA revealed 17 significant terms, 12 of which had p-values < 0.0001. Dry
weight accumulation ranged from 0.05 to 0.26 g. R2, adjusted R2, and predicted R2 ranged
from 0.73 to 0.91, indicating good agreement among these five values. The overall effect of
the model was highly significant (p < 0.0001), indicating significant factor effects on dry
weight by these three ions and plant growth regulators. ANOVA revealed nine significant
terms, three of which had p-values < 0.0001 (Table 1).

2.1. Effects of the NH4
+/K+ Ratio and NO3

− Concentration on Callus Culture

Callus growth in the control treatment group, with the NH4
+/K+ ratio at 1.0 and

40 mM NO3
−, was moderate (approximately average; Figure 1A,B). The highest values

were obtained with the NH4
+/K+ ratio of 0.33 and 20–40 mM NO3

−. The influence of
the Linear x Linear Mixture component was highly significant for fresh and dry weight.
The Linear x Linear Mixture component compares the responses at the extreme ends
(vertices) of the mixture design space. This means that growth at the points corresponding
to the NH4

+/K+ ratio of 0/1 was compared to growth at the points corresponding to the
NH4

+/K+ ratio of 0.5/0.5. We noted that good growth of callus culture requires NH4
+ > 0.

The constructed model showed that the concentration of NO3
− has a smaller effect on the

growth of fresh and dry biomass in comparison with the NH4
+/K+ ratio.

2.2. Effects of Ratios BAP/NAA and NH4
+/K+ on Callus Culture

The impact of the interaction between ratios BAP/NAA and NH4
+/K+ was very

highly significant toward the % fresh weight increase and dry weight of callus culture of
R. rosea. The largest values were achieved at the NH4

+/K+ ratio of 0.33 and BAP/NAA
0.33–1.00, provided that the concentration of plant growth regulators was 30 μM and the
content of NO3

− was not more than 40 mM (Figure 1C,D). A change in the parameters of the
model showed that with a decrease in the content of NO3

−, there is a shift of the maximum
toward the NH4

+/K+ ratio of 1.0. Good growth of callus culture required BAP > 0.

2.3. Effects of BAP + NAA and NO3
− Concentrations on Callus Culture

The best growth was achieved at high concentrations of plant growth regulators
(30 μM) and NO3

− concentrations of 20–40 mM (Figure 1E,F). We also noted a large increase
in dry biomass at a low concentration of sum BAP (5 μM) and NAA (5 μM). The constructed
model indicated that peak values were not reached in the experiment.
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Table 1. ANOVA and summary statistics for the % fresh weight increase and dry weights of callus
culture of R. rosea.

Fresh Weight Dry Weight

F-Value p-Value F-Value p-Value

Model 107.14 <0.0001 35.83 <0.0001

Linear × Linear Mixture 274.28 <0.0001 80.74 <0.0001

NH4
+ * K+ *BAP 140.46 <0.0001 31.82 <0.0001

NH4
+ * K+ *NAA 22.00 <0.0001 13.40 0.0008

NH4
+ *BAP*NAA 38.42 <0.0001 6.61 0.0142

NH4
+ *BAP* NO3

− 5.78 0.0218 1.01 0.3208

NH4
+ *BAP*BAP + NAA 21.64 <0.0001 6.87 0.0126

NH4
+ * K+ *BAP* NO3

− 19.65 <0.0001 - -

NH4
+ * K+ *BAP* BAP + NAA 19.84 <0.0001 2.74 0.1058

NH4
+ * K+ *NAA* NO3

− 7.92 0.0081 1.70 0.2002

NH4
+ * K+ *NAA* BAP + NAA 15.35 0.0004 6.63 0.0141

NH4
+ *BAP*NAA* NO3

− 76.36 <0.0001 17.88 0.0001

NH4
+ *BAP*NAA* BAP + NAA 68.45 <0.0001 - -

NH4
+ *BAP* NO3

−* BAP + NAA 21.51 <0.0001 25.17 <0.0001

NH4
+ * NAA* NO3

−* BAP + NAA 12.34 0.0013 - -

K+ *BAP* [NO3
−]2 1.84 0.1842 - -

NH4
+ * K+ *BAP* NO3

−* BAP + NAA 4.74 0.0364 7.54 0.0092

NH4
+ *BAP*NAA* NO3

−* BAP + NAA 23.44 <0.0001 1.83 0.1840

NH4
+ * K+ *BAP*[ NO3

−]2 61.34 <0.0001 16.24 0.0003

NH4
+ * K+ *BAP*[ BAP + NAA]2 7.57 0.0095 3.79 0.0590

Lack of Fit p = 0.8180 p = 0.6741

R2 0.9851 0.9413

Adjusted R2 0.9759 0.9150

Predicted R2 0.9235 0.8162

Adeq Precision 40.4608 23.0849

Std. Dev. 25.21 0.0142

Mean 178.00 0.1071

C.V.% 14.16 13.26

Model type Reduced Quadratic × Quadratic ×
Quadratic model

Reduced Quadratic × Quadratic ×
Quadratic model

Note: “-”: no hierarchical relationships.
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(A) (B) 

(C) (D) 

(E) (F) 

Figure 1. Three-dimensional (3D) response surface plots showing the effects of various factors on
R. rosea callus fresh and dry weight. (A,B) The impact of the NH4

+/K+ ratio and NO3
−. (C,D) The

influence of the BAP/NAA ratio and NH4
+/K+. (E,F) The effect of the concentrations of BAP + NAA

and NO3
−.
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2.4. Histochemical Analysis

The callus culture obtained under optimal culture conditions was semi-friable yel-
lowish green. Many of the large calluses contained cavities at their centers. Histological
analysis revealed that the calluses consisted of actively dividing cells with two types of
vacuoles: numerous small vacuoles or a single central one (Figure 2A–D). Small vacuoles
are characteristic of immature cells and large vacuoles of mature cells. Lugol’s staining
showed some accumulation patterns of starch granules in the callus culture (Figure 2E).
Starch granules were previously found by us only in the cells of the root and rhizome, while
leaves and stems had no starch-containing cells [36]. Cells of the 45-day-old callus did not
yield positive signals in a ferric chloride reaction for phenolic compounds. We previously
demonstrated that roots and rhizomes tested positive for phenolic compounds with this
reagent [36]. In the present study, we found chaotic xylem elements in compacted parts of
the callus cultures (Figure 2F).

2.5. Biochemical Analysis
2.5.1. The Profile and Levels of Phenolic Compounds in Callus Culture and Seedlings
(Control 1)

Biochemical analysis was carried out only for well-growing callus cultures (an increase
in fresh biomass of more than 300%) and for callus grown on the standard MS medium.
High-performance liquid chromatography (HPLC; suitable for isolating a complex set
of phenolic compounds) detected 27 phenolic compounds in the callus culture and nine
phenolic compounds in seedlings of R. rosea (control 1) (Table S1). Total phenolic compound
(TPC) concentration varied among callus cultures from 14.9 to 71.6 mg/g. The number of
phenolic compounds varied from 10 to 20; in control 1, these values were 6.5 mg/g and 9,
respectively (Figure 3).

The highest content of TPC was observed in calluses grown on media with the
NH4

+/K+ ratio of 0.33 and BAP/NAA of 0.33 and a concentration of plant growth regula-
tors of 30 μM (56.01–75.17 mg/g), which is 1.1–1.5 times higher than that in the standard MS
medium supplemented with 15 μM BAP and 15 μM NAA (49.73 mg/g) (Figures 3 and S1).
The lowest amount of phenolic compounds was found in control 1 and in the sample
cultured on the medium with the NH4

+/K+ ratio of 0.33, BAP/NAA of 1.0, with the lowest
concentration of plant growth regulators, i.e., 5 μM. The level of biosynthesis of TPCs on
the nutrient medium with the highest increase in callus biomass was 13% lower than that
on the standard MS medium (42.85 and 49.73 mg/g, respectively) (Figure 3).

The treatment of callus cultures with an elicitor led to qualitative and quantitative
changes in the profile of phenolic compounds (Figures 3 and S2). MJ added at 100 μM
gave a 119% increase relative to nonelicited cultures. We demonstrated that when callus
cultures were exposed to an elicitor, four phenolic compounds emerged that were absent in
nonelicited cultures; retention times were 13.6, 30.0, 33.3 and 46.0 (Table S1).

Multivariate statistical analysis was performed to classify the differences in phenolic
compounds among callus cultures. Unsupervised principal component analysis (PCA)
revealed two major clusters (Figure 4). Two principal components, PC1 and PC2, together
accounted for 63% of the total variance. Control sample 1, sample No. 7 and samples
treated with MJ can be clearly distinguished from the main cluster. Sample No. 7 is
characterized by richer qualitative and quantitative composition (TPCs at 72.27 mg/g,
17 phenolic compounds).
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Figure 2. Callus culture of R. rosea cultivated on a modified MS medium at the NH4
+/K+ ratio of

0.33, 40 mM NO3
−, the BAP/NAA ratio of 1.0, and concentrations of plant growth regulators at

30 μM. (A) Numerous small vacuoles in immature cells seen under a light microscope and (B) under
a fluorescence microscope. (C) Mature cells with a single vacuole under the light microscope and
(D) under the fluorescence microscope. (E) Lugol’s solution for starch (orange arrows). (F) Fragments
of spiral vessels as seen under the fluorescence microscope (black arrows).
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(A) (B) 

Figure 3. Effect of composition of the nutrient medium and different concentrations of MJ on
(A) total phenolic content and (B) number of phenolic compounds in callus cultures of R. rosea. Values
are mean ± standard error (vertical error bars) of three replicates. Means with similar letters are
not significantly different at p ≤ 0.05 according to LSD test. Legend. Treatment group 1: NH4

+/K+

0.33, NO3
− 20 mM, BAP/NAA 1.0, BAP + NAA 5 μM; 2: NH4

+/K+ 0.33, NO3
− 20 mM, BAP/NAA

0.33, BAP + NAA 30 μM; 3: NH4
+/K+ 0.33, NO3

− 20 mM, BAP/NAA 1.0, BAP + NAA 30 μM;
4: NH4

+/K+ 0.33, NO3
− 40 mM, BAP/NAA 0.33, BAP + NAA 17.5 μM; 5: NH4

+/K+ 0.33, NO3
−

40 mM, BAP/NAA 0.33, BAP + NAA 30 μM; 6: NH4
+/K+ 0.33, NO3

− 40 mM, BAP/NAA 1.0, BAP
+ NAA 30 μM; 7: NH4

+/K+ 0.33, NO3
− 60 mM, BAP/NAA 0.33, BAP + NAA 30 μM; 8: NH4

+/K+

0.33, NO3
− 60 mM, BAP/NAA 1.0, BAP + NAA 30 μM; 9: NH4

+/K+ 1.0, NO3
− 20 mM, BAP/NAA

0.33, BAP + NAA 17.5 μM; 10: NH4
+/K+ 1.0, NO3

− 20 mM, BAP/NAA 0.33, BAP + NAA 30 μM;
11: NH4

+/K+ 1.0, NO3
− 20 mM, BAP/NAA 1.0, BAP + NAA 30 μM; 12: NH4

+/K+ 1.0, NO3
−

30 mM, BAP/NAA 1.0, BAP + NAA 17.5 μM; 13: NH4
+/K+ 1.0, NO3

− 40 mM, BAP/NAA 1.0, BAP
+ NAA 30 μM; 14: NH4

+/K+ 0.33, NO3
− 40 mM, BAP/NAA 1.0, BAP + NAA 30 μM, MJ 100 μM; 15:

NH4
+/K+ 0.33, NO3

− 40 mM, BAP/NAA 1.0, BAP + NAA 30 μM, MJ 200 μM; 16: control 1.

2.5.2. The Profile and Levels of Phenolic Compounds in Immature Plants (Control 2)

Five-year-old cultivated plants of R. rosea served as control 2 in the experiment when
the biochemical composition was analyzed. HPLC (suitable for isolating a complex set
of phenolic compounds) detected 10 phenolic compounds in the rhizomes and roots and
21 phenolic compounds in the above-ground part of R. rosea (Table 2). Compounds No. 5–8,
identified as cinnamyl alcohol and its derivatives (phenylpropanoids), were found only in
underground organs. Their observed maxima are typical for rhizomes: rosarin 16.33 mg/g,
rosavin 41.73, rosin 25.10, and cinnamyl alcohol 42.74 mg/g (Table 2, Figure S3). The
total content of phenolic compounds was 159.09 mg/g in the rhizomes and 88.68 mg/g in
the roots.
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Figure 4. The principal component analysis (PCA) plot showing two clusters of callus cultures and
control 1 of R. rosea. Blue ellipse: callus culture after treatment with MJ; orange ellipse: all other callus
cultures in the experiment, except No. 7; No. 7: callus culture obtained on the medium that had
NH4

+/K+ of 0.33, NO3
− at 60 mM, BAP/NAA 0.33, BAP + NAA 30 μM; No. 16: control 1. Note: see

Figure 3.

Table 2. Characteristics and levels of the phenolic compounds detected by HPLC in the extracts from
rhizomes and roots of R. rosea.

Compound
Spectral Characteristics:

λmax, nm
Retention Time

(tR), min
Content, mg/g of Air-Dried Material

Rhizomes Roots

Gallic acid 272 1.8 26.15 21.20
Compound 2 216,280 2.9 3.20 2.30
Compound 3 228,296 6.5 0.51 0.23
Compound 4 218,274 8.5 0.41 -

Rosarin 253 10.7 16.33 7.41
Rosavin 253 12.5 41.73 11.73

Rosin 253 13.5 25.10 11.25
Cinnamyl alcohol 205,253 24.3 42.74 32.10

Rhodiosin 277,333,385 39.9 0.81 0.72
Rhodionin 277,333,385 40.5 2.11 1.74

TPC 159.09 88.68
“-”: not detected.

Our study revealed that none of the callus culture samples, including the MJ-treated
one, control 1, and above-ground parts of R. rosea contained rosin, rosavin, rosarin, and
cinnamyl alcohol.

3. Discussion

Using DoE, correct nutrient combinations were identified, along with the effects
of their interactions with the other environmental parameters: plant growth regulators.
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Similar methods have recently been used for optimizing callus cultures of various plant
species [35,37,38]. This method has two advantages over the more common factorial
design: DoE allows us to investigate the effects of independent variables between the
actual experimental data points and allows a researcher to easily increase the number of
experimental variables to more than five, which is not practical in typical factorial designs.
Our findings may facilitate the application of DoE to tissue culture optimization and the
in vitro production of secondary metabolites, where an understanding of the complex
interactions among plant growth regulators and growth medium nutrients is sought.
Nitrogen quantity and form have been the subject of many growth medium optimization
studies [39–43]. The optimum nitrate concentration is reported to be 20–30 mM for both
growth and taxol production in cell cultures of Taxus yunnanensis Cheng et al. [40]. In an
experiment on the NH4

+/NO3
− ratio in the culture medium, ginsenoside production in the

adventitious roots of Panax ginseng C.A. Meyer was affected by NH4
+/ NO3

− ratios in the
culture medium, showing the greatest productivity at 18.5 mM NO3

− without NH4
+ [39].

Biomass growth and azadirachtin production of Azadirachta indica (A. Juss) suspension
cultures are significantly improved in a medium with a high NH4

+/NO3
− ratio [41].

According to our data, the NH4
+/K+ ratio is a crucial factor for biomass accumulation and

production of TPCs in the callus culture of R. rosea. The optimal response was seen at the
NH4

+/K+ ratio of 0.33 and 20–40 mM NO3
−.

Plant growth regulators are one of the most important factors owing to their important
regulating role in plant physiology and biochemistry [44]. An appropriate proportioning
of cytokinins and auxins can maintain the balance between differentiation and dediffer-
entiation and achieve the goal of rapid proliferation for plant cells in vitro [45]. To obtain
callus cultures of Rhodiola species, cytokinin BAP is most often employed in combination
with various auxins. Compact callus aggregate suspension cultures of Rhodiola imbricata
are obtained on the MS medium supplemented with 3 mg/L NAA and 3 mg/L BAP [28].
Rhodiola quadrifida (Pall.) calluses are obtained from hairy roots in the MS medium with the
addition of hormones: 3 mg/L 2,4-D and 0.5 mg/L BAP [31]. Calluses of R. sachalinensis
Boriss. can be successfully cultivated on the MS medium supplemented with 3 mg/L BAP
and 0.3 mg/L NAA [27]. The medium containing 1 mg/L 2,4-D, 2 mg/L NAA, 0.5 mg/L
BAP, and 0.1 mg/L kinetin proved to be the best for the induction of the callus from R.
quadrifida (the induction rate was 83.3%); the optimized combination of plant growth reg-
ulators for callus subculture is 1 mg/L 2,4-D, 0.1 mg/L BAP, and 0.5 mg/L kinetin [23].
Several other combinations of plant growth regulators have also been found to be effective
for callus induction in species of the genus Rhodiola. One research group revealed that callus
induction of R. imbricata is frequently achieved in juvenile leaves (100% frequency) and
roots (87.50%) in the MS medium supplemented with 0.5 mg/L thidiazuron and 1 mg/L
NAA [30]. In another study, to obtain a callus culture of R. rosea, leaves were placed on the
surface of a fresh MS medium supplemented with 3 mg/L of N6-(2-isopentenyl) adenine
and 0.3 mg/L IAA [29]. For callus subcultures and subsequent cell suspension cultures
of R. crenulata L., full-strength MS containing 0.5 mg/L thidiazuron and 0.5 mg/L NAA
turned out to be the best [26]. This paper optimized plant growth regulator proportion-
ing, and maximum biomass and production of phenolic compounds were obtained in the
medium containing BAP/NAA ratios of 0.33–1.00, provided that the concentration of plant
growth regulators was 30 μM. Here, we found that optimal growth of a callus culture of R.
rosea requires BAP > 0. Other reports suggest that the synergistic combinations of auxin
and cytokinin can significantly alter the production of secondary metabolites depending
on plant species [46]. When compared with the initial medium (control medium), total
plant growth regulators content has not been changed. However, the selected complex of
optimal factors, in general, contributed to a significant increase in the growth parameters
of R. rosea calluses.

Here, the callus obtained under optimal culture conditions (NH4
+/K+ 0.33, BAP/NAA

1.0, BAP + NAA 30 μM, and NO3
− 40 mM) was semi-friable yellowish green. The increase in

the growth of fresh biomass on this medium was up to 703%, which is 2.7 times higher than
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the growth rates on the standard MS medium. Nonetheless, the level of TPC biosynthesis
on the nutrient medium that gave the highest increase in callus biomass was 13% lower
than that on the standard MS medium. The highest content of TPCs was observed in
calluses grown on media with the NH4

+/K+ ratio of 0.33 and BAP/NAA of 0.33 and a
concentration of plant growth regulators of 30 μM. Data on the profile and concentrations
of phenolic compounds in in vitro cultures vary and sometimes are contradictory because
such results are influenced by various factors and stages of plant development [47]. Using
RSM, it has been reported that higher KH2PO4 depletion and 75 μM m−2s−1 light intensity
favored the biosynthesis of anthocyanins and the other phenolic compounds and resulted in
elevated antioxidant capacity in grape (Bogazkere Cv.) callus culture [48]. Through Plackett–
Burman’s design and RSM, optimal proportions of plant growth regulators for a cell
suspension culture of Siraitia grosvenorii were obtained. With the optimized plant growth
regulators, the obtained cell biomass and polyphenols content were 32.18% and 13.86%,
respectively, more than plant growth regulators proportioning before optimization [49].
Using HPLC, we determined that the profile and levels of phenolic compounds were similar
between the above-ground part of intact plants and the callus culture. TPC concentration
varied among callus cultures from 14.9 to 71.6 mg/g, the number of phenolic compounds
from 10 to 20; in the above-ground part, these values were 73.1 mg/g and 21 phenolic
compounds, respectively. Several new phenolic compounds were identified in the callus
cultures: compounds No. 9, 11, 19, 26, and 27 (see Table S1).

Jasmonic acid is thought to be involved in the signal transduction pathway that
induces the production of defense compounds in plants, such as alkaloids, terpenoids,
and polyphenols [50]. MJ is an effective elicitor that participates in plant defense response
pathways and triggers plant metabolite biosynthesis. Accordingly, MJ has been used for
inducing metabolite production in plant cell cultures [33]. In the present study, the medium
was supplemented with different concentrations of MJ in 45-day-old cultures, and phenolic-
compound accumulation was determined after three days of cultivation. The treatment of
callus cultures with an elicitor led to qualitative and quantitative changes in the profile of
phenolic compounds. In this case, MJ concentration was of paramount importance. The use
of 100 μM MJ was optimal and led to an increase in the TPC content up to 47.9 mg/g. We
showed that when callus cultures are exposed to an elicitor, phenolic compounds emerge
that are absent in the sample without treatment; their retention times are 13.6, 30.0, 33.3,
and 46.0 min. The effectiveness of MJ as an elicitor has been demonstrated for many
in vitro cultures, including those of Rhodiola species [28,51–57]. For example, for Rhodiola
it is reported that the levels of bioactive compounds increase with MJ supplementation
in a dose-dependent manner. The highest salidroside content (4.75 mg/g dry weight) is
obtained during treatment with MJ at 125 μM [28].

According to our HPLC analyses of rhizomes, the levels of rosarin, rosavin, rosin,
and cinnamyl alcohol are 16.33, 41.73, 25.10, and 42.74 mg/g, respectively, while in the
roots, their respective levels are 7.41, 11.73, 11.25 and 32.10 mg/g. In the aerial parts
(leaves and stems), seedlings, and callus cultures, no detectable rosavins were found, in
line with a report of Peschel et al. [58], wherein the aerial parts of wild R. rosea, no rosavins
were identified, while the content of salidroside was below the detection limit. Although
salidroside (0.53%) was found in the leaves of R. rosea from Rila Mountain, Bulgaria [24] and
in the leaves and stems of R. rosea cultivated in Poland (salidroside 0.12% and total rosavins
0.3%), the aerial parts of the plant grow anew every year and therefore their content is
consistent each time [59]. Rattan et al. [30] found that rosavin and rosarin are present at
the highest concentration in root-derived compact green calluses (0.15 mg/g dry weight)
and root-derived friable green calluses (0.07 mg/g dry weight). Kurkin et al. [60] noted
that in a suspension culture of R. rosea, the main phenolic compound is a phenylpropanoid
called triandrin, while in a callus culture, the process of biosynthesis went further and,
together with triandrin, the major phenolic compounds were dimeric phenylpropanoids:
lignans; in other words, “ageing” of the biomass took place. Those authors emphasized
the finding that neither salidroside nor phenylpropanoids—which are characteristic for the
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rhizomes of roseroot stonecrop (rosin, rosavin, and rosarin)—were found in the samples
of biomass. In the in vitro cultures, a significant enhancement in the production of rosin
and its derivatives was observed when the cultures were fed with the precursor: cinnamyl
alcohol [5]. In R. rosea compact callus aggregate cultures, the observed rosin and rosarin
content was even higher than that in field-cultivated plants, while the rosavin level was
five times lower [2]. Our next research project on the callus culture of R. rosea will be aimed
at finding an optimal concentration and duration of cinnamyl alcohol treatment to promote
the biosynthesis of phenylpropanoids.

4. Materials and Methods

4.1. Plant Material

R. rosea seeds were collected from its natural habitat on the southern slopes of the
Iolgo ridge, Karakol lakes, Altai Republic (Russia). Altitude was 1800–2000 m a.s.l. R. rosea
samples growing in this area belong to the ecotype of moderately humid habitats with
moderate soil moisture (44–50%). This ecotype was previously chosen by us as optimal
for the introduction experiment in the conditions of the forest-steppe zone of Western
Siberia (Russia). Our earlier studies confirm the high biological and biosynthetic potential
of these samples [61]. In vitro cultivation and ex vitro acclimatization of R. rosea plants
were performed in the Laboratory of Biotechnology, CSBG SB RAS (Novosibirsk, Russia)
according to the previously developed method [62].

4.2. Establishment of Callus Cultures

A callus line was developed from cotyledon explants of in vitro-grown seedlings
of R. rosea. Seeds were germinated in the MS [63] basal medium without plant growth
regulators but supplemented with 30 g/L sucrose and 6 g/L agar. For callus induction,
cotyledon explants were excised from 21-day-old seedlings and placed onto the MS medium
supplemented with 15 μM BAP (Sigma-Aldrich, St Louis, MO, USA), 15 μM NAA (Sigma-
Aldrich), 30 g/L sucrose, and 6 g/L agar. The conditions of explant cultivation were
as follows: photoperiod, 16/8-h light/dark cycle; illumination intensity, 2–3 klx; and
temperature, 24 ± 1 ◦C. Callus cultures were maintained on the MS medium containing
15 μM BAP and 15 μM NAA via regular subculturing with a 45-day interval.

For the establishment of callus cultures at different media compositions, an actively
growing 6-month-old callus was used as a source. The experiment lasted 45 days. Fresh
and dry weights were measured by taking the average of three plates for each treat-
ment type. Percent increase in fresh weight was calculated from the initial weight of the
subcultured callus.

4.3. Optimal (Combined) Design

The experiment had a mixture–concentration design and included four mixture com-
ponents (K+, NH4

+, BAP, and NAA) and two numerical factors (NO3
− and BAP + NAA

concentrations). As NH4
+/K+ and BAP/NAA were regarded as components of mixture1

and mixture2, the range for each component was expressed as a proportion; all component
proportions in each mixture add up to 1.0. NO3

− concentration ranged from 20 to 60 mM,
K+ proportion from 0.5 to 1.0, and NH4

+ proportion ranged from 0 to 0.5. BAP + NAA
concentration ranged from 5 to 30 μM, NAA proportion from 0.5 to 1.0, and BAP proportion
from 0 to 0.5. The concentration of K+ plus NH4

+ matched the NO3
− concentration to

maintain charge neutrality. Design points were selected via D-optimal criteria to satisfy
a quadratic polynomial for the mixtures (NH4

+/K+ and BAP/NAA) and the numerical
factors (NO3

− and BAP + NAA) in various combinations in the mixture. The experiment
included a data point for the MS basal medium.

All solution recipes were derived using the linear programming approach described
by Niedz and Evens [64]. The concentrations of salts/acids/bases needed for each data
point in the design space were calculated in the ARS-Media (Version 1.0) software (ion
solution calculation program), which is available as a free download via http://www.ars.
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usda.gov/services/software/download.htm?softwareid=148 (accessed on 10 September
2020). For each treatment, all ions present and their concentrations were entered into
ARS-Media. Ions other than those being varied were fixed at their normal levels present in
the MS medium.

4.4. Effect of MJ Treatment

Callus cultures with the highest biomass growth were used for elicitation. Subse-
quently, a 45-day-old callus was transferred to a 100 mL Erlenmeyer flask containing 20 mL
of a modified MS medium (NH4

+/K+ 0.33, NO3
− 40 mM) supplemented with 15 μM NAA,

15 μM BAP, and different concentrations of MJ (100 or 200 μM). The modified MS medium
without MJ served as a control. The culture flasks were placed on a rotary shaker (90 rpm,
Elmi, S-3-02L, Latvia) at 24 ± 2 ◦C under a 16 h/8 h photoperiod. The accumulation
of biomass and the production of phenolic compounds were implemented after 3 days
of cultivation.

4.5. Biochemical Analysis
4.5.1. Extraction

The dry raw material (callus cultures, in vitro seedlings, rhizomes, roots, and above-
ground parts) was crushed to a particle size of 1 mm, mixed, and average samples were
collected. Biochemical analysis was performed only on well-growing callus cultures with
an increase in wet biomass of more than 300% and for callus grown on the standard MS
medium. Double extraction was performed to isolate phenolic compounds. A 0.5 g sample
of the crushed material was extracted with 30 mL of aqueous 50% ethanol for 8 h, and
then with 20 mL of 70% ethanol for 50 min in a water bath. Each filter cake was washed
with 5 mL of 70% ethanol. The combined extract was concentrated to 20 mL. To remove
impurities, 1 mL of the extract was diluted with double-distilled water to 5 mL and passed
through a Diapak C16 (ZAO BioKhimMak, Moscow, Russia) concentrating cartridge.

4.5.2. HPLC Analysis

The profile of phenolic compounds in the samples was investigated by HPLC using
an Agilent 1200 liquid chromatograph equipped with a diode array detector, Zorbax SB–
C18 column (4.6 × 150 mm, with sorbent grain size 5 μm; Agilent Technologies, Santa
Clara, CA, USA). In the mobile phase, the methanol content in the aqueous solution of
phosphoric acid (0.1%) was varied from 50% to 52% within 56 min. The flow rate of
the eluent was 1 mL/min; the column temperature was 26 ◦C and the volume of the
injected sample was 10 μL. Detection was carried out at λ = 220, 250, 270, 290, 360, and
370 nm. Concentrations of substances were calculated by detection at 255 nm. Methyl
alcohol (extra pure grade), orthophosphoric acid (extra pure grade), and double-distilled
water were utilized to prepare mobile phases. Standards from Aobious (USA) and Sigma-
Aldrich (Germany) were used for identification. Standard solutions were prepared at a
concentration of 10 μg/mL in ethyl alcohol. The retention time of the peaks of compounds
in the chromatograms of the analyzed samples and their UV spectra were compared with
those of the standard samples. Quantitative analysis of individual phenolic compounds in
plant samples was performed by the external standard method (% of the weight of air-dry
raw materials).

To assess biosynthetic potential of the callus cultures, two controls were used in
the study. Control 1 was 21-day-old in vitro seedlings of R. rosea. Control 2 consisted
of cultivated 5-year-old R. rosea plants propagated in an in vitro culture [36]. The initial
material for the control samples was seeds from the same population and the same year of
collection as the experimental samples.
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4.6. Histochemical Analysis

Callus cultures of R. rosea were fixed in a mixture of formalin, acetic acid, and 70%
ethanol (7:7:100 v/v/v) for 4 days and then stored in 70% (v/v) ethanol. For fluorescent
microscopy, fresh calluses were used.

For histochemical characterization, the calluses of R. rosea fixed as described above
were sectioned (25−35 μm) on a MICROM HM 430 microtome (Thermo Fisher Scientific,
Munich, Germany) with fast freezing unit KS 34 S (Thermo Fisher Scientific, Munich,
Germany). For light microscopy, sections were analyzed by means of a Carl Zeiss Axioscope
A1 microscope equipped with digital camera Axiocam 506 color, and the ZEN 2012 software
(blue edition) (Carl Zeiss Ltd., Herts, UK) and Carl Zeiss Primo Star iLED equipped with a
filter system (470 nm), digital camera AxioCam MRc, and the AxioVision 4.8 software.

Cross-sections were investigated by the following histochemical tests: a ferric chloride
reaction to detect phenolic compounds and a reaction with Lugol’s solution to detect
starch. For fluorescence microscopy, fresh sections were treated using a 2% (w/v) solution
of safranin for 2 min to detect starch, inducing yellow color at 470 nm, respectively. For
autofluorescence examination, the sections were directly viewed under LED light at 470 nm.

4.7. Statistical Data Analysis

Design-Expert® 13 was used for experimental design construction, model evaluation,
and all analyses. The data expressed as mean and standard error (M ± SE) were subjected
to ANOVA in the STATISTICA 6.0 software. The differences between means were tested
for significance by the LSD test at p ≤ 0.05. In addition, clustering was performed by PCA.

5. Conclusions

In summary, this is the first report describing a statistical optimization study of biomass
accumulation and the production of phenolic compounds in callus cultures of R. rosea using
DOE. Computer-generated optimal design is an excellent tool for reducing treatment
numbers compared to traditional factorial designs. The overall effect of the resulting model
was highly significant (p < 0.0001), indicating that studied factors (NH4

+, K+, NO3
−, BAP,

and NAA) significantly affected the growth of callus cultures of R. rosea. The best callus
growth (703%) and the highest production of TPCs (75.17 mg/g) were achieved at an
NH4

+/ K+ ratio of 0.33 and BAP/NAA of 0.33, provided that the concentration of plant
growth regulators was 30 μM and that of NO3

− was ≤40 mM. The information presented
in this study may be useful for future research related to the cell culture of R. rosea and
other Rhodiola species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11010124/s1, Figure S1: A chromatogram of a water-
ethanol extract of the R. rosea callus culture that featured the highest TPC concentration, Figure S2:
A chromatogram of a water-ethanol extract of the R. rosea callus culture cultivated under optimal
nutrient conditions (A) with MJ 100 μM and (B) without MJ, Figure S3: A chromatogram of a water-
ethanol extract of R. rosea rhizomes; Table S1: Characteristics and levels of the phenolic compounds
detected by HPLC in the extracts from callus cultures and above-ground parts (herb) of R. rosea
(mg/g).
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Abstract: Halophyte plants are potential resources to deal with the increasing soil salinity determined
by climatic change. In this context, the present study aimed to investigate the germplasm conservation
of Artemisia caerulescens collected in the San Rossore Estate (Pisa, Italy) through in vitro culture,
biochemical properties, and the phytochemical composition of the volatile fraction of both in vitro
shoots and different organs of wild plants (leaves, young and ripe inflorescences). The best medium
tested for the shoot proliferation was MS, with the addition of 1 μM BA. Total polyphenol content
and antioxidant activity were noticeable in both the inflorescences, while leaves and in vitro shoots
showed lower amounts. Concerning the phytochemical investigation, the headspaces (HSs) and the
essential oils (EOs) were characterized by oxygenated monoterpenes as the main chemical class of
compounds in all samples, and with α- and β-thujone as the major constituents. However, the EOs
were characterized by noticeable percentages of phenylpropanoids (23.6–28.8%), with brevifolin as
the unique compound, which was not detected in the spontaneous volatile emissions of the same
parts of the wild plant. Good amounts of EOs were obtained from different organs of the wild plant,
comprising between 0.17% and 0.41% of the young and ripe inflorescences, respectively.

Keywords: shoot proliferation; polyphenols; antioxidant activity; essential oils; HS-SPME; GC-MS;
PCA; HCA

1. Introduction

Artemisia caerulescens L. is a perennial aromatic shrub that belongs to the genus
Artemisia L. and is included in the Asteraceae family [1].

The genus Artemisia L. comprises more than 500 perennial herb species, and it is
widespread in the Northern hemisphere, mainly in the arid and semiarid areas of Asia,
Europe, and North America [2,3]. Most of the species belonging to the Artemisia genus are
medicinal or aromatic herbs or shrubs, characterized by a pungent smell and a bitter taste
due to the presence of terpenoids, typical components of their essential oils (EOs) [4]. This
genus has achieved increasing phytochemical attention for its wide range of biological ac-
tivities, attributable to the presence of several classes of active compounds such as terpenes
found in essential oil, phenolic compounds, flavonoids, and sesquiterpene lactones [3,5].
The Artemisia species have been employed since ancient times for the treatment of differ-
ent disorders, including malaria, hepatitis, cancer, inflammation as well as antibiotics [2],
antiparasitic, insecticidal, anti-asthmatic, and antiepileptic remedies, among others [5].
Essential oils (EOs), besides the non-volatile compounds, are important secondary metabo-
lites obtained from several plants belonging to this genus [4]. They are complex mixtures
of volatile compounds widely used in traditional and modern medicine; likewise, they are
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used for cosmetic and pharmaceutical applications [2]. In recent times, EOs have gained
increasing interest due to consumers’ preference for natural products [6] and have been
used in many fields of applications, from human health to agriculture, thanks to their broad
spectrum of bioactivities, which is attributable to their chemical composition [7–10].

The genus Artemisia comprises a wide range of species that have been subjected to
phytochemical attention for their chemical diversity and EO production. These differences
are attributable to their ability to colonize areas with different kinds of vegetation and
ecological conditions, thus leading to different morphological and biological features [11,12].
Among the countless species of Artemisia, A. caerulescens is a wild aromatic species of great
environmental interest due to its ability to grow and reproduce in selected areas of the
central and western Mediterranean, which is characterized by highly saline soils [13]. This
is a perennial, bushy, more or less tomentose plant, with a strong aromatic odour, very
branched erect stems, and bearing both whole and 1–2-pinnate leaves. The flower heads,
all with tubular flowers, are not very showy and arranged in a dense panicle (Figure 1a,b).
The fruits are oval achenes, smooth and without pappus. The species is in fact considered a
true halophyte [14] and is listed as a characterizing and/or diagnostic species of saline EU
Habitats [15,16]. Despite species showed a remarkable interest in the environmental and
conservation fields, even with evidence of some particular aspects in its behaviour such as
the interaction between propagation by seed and seasonal fluctuations of salinity [17], to
date, there were very few studies in literature. This information deficit affects various fields
of study, including those related to its phytochemical profile and medicinal properties,
which are the subject of the present research.

Figure 1. (a) Artemisia caerulescens in its natural habitat in the San Rossore estate (photo by Laura
Pistelli); (b) ripe inflorescence (c) 4-week-old shoots in MSO medium; (d) 4-week-old shoots in 4 μM
MS-BA medium.

As a part of an ongoing project, which deals with the cultivation and analysis of
halophyte species growing in the salt marshes on the coast of Tuscany, the present study
aims to investigate preliminary evidence from in vitro cultures of A. caerulescens collected
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in the San Rossore Estate (Pisa, Italy) in order to verify the possibility of its germplasm
conservation, thus avoiding environmental depletion and allowing for the selection of
the most promising cultivation lines. Moreover, biochemical and phytochemical analyses
were performed on both the in vitro plant culture and different parts of the wild plant,
particularly the leaves, young flowering tops as well as ripe ones.

2. Results and Discussion

2.1. In Vitro Shoot Proliferation

A. caerulescens grows spontaneously in the San Rossore Estate, in salty soil close to the
sea. Few studies are available on its ecological adaptability or on its growth strategy [8,12].
Aerial parts were harvested in June and September 2021, at the vegetative and flowering
stages, and then used for in vitro shoot proliferation to avoid the depletion of the wild
plants for future analysis. The same “mother” plants were also used for the biochemical
and phytochemical analyses.

The sterilization step was repeated for each single mother plant; the obtained results
are summarized in Table 1. The initial contamination ranged between 10% and 90% of the
explants and appeared a few weeks after the sterilization process. The high contamination
could be due to the natural and protected habitat of the spontaneous plants and the lack
of a pre-treatment with pesticides before the in vitro cultivation, as reported in some
literature [18]. The shoots proliferated in either Murashige Skoog basal medium [19] (MS0)
or in MS with the addition of cytokinin (MS-BA). Shoot induction was performed with the
addition of cytokinin 6-benzyl-aminopurine (BA) as a unique growth regulator, which was
a pivotal experiment investigating the ability of A. caerulescens in shoot proliferation.

Table 1. In vitro culture of A. caerulescens. Single mother plants (M) were used as initial explants, and
their contamination was observed (%). Effect of different culture media on shoot development (%).
Proliferation and length of shoots (cm) after 4 weeks of cultivation. Data are presented as means ±
SD (n = 10).

Mother Plant
Number of

Explants
Contaminated
Explants (%)

Developed Shoots
(%)

Number of
Shoots/Explant

Shoots Length
(cm)

M1 (MS0) 18 32 88.9 1 2.67 ± 1.7
M2 (MS0) 10 0 100 1 3.5 ±1.6
M3 (MS0-BA) 20 90 0 0 0
M4(MS-BA 2 μM) 10 10 3 3 1.2 ± 0.4
M5(MS-BA 2 μM) 10 10 5 5 1.5 ± 0.5

MS0 10 0 100 2.1 ± 1.28 C 3.18 ± 0.26 A

MS-BA 1 μM 10 0 100 8.1 ± 1.63 A 1.12 ± 0.14 C

MS-BA 2 μM 10 0 100 5.4 ± 1.08 B 1.5 ± 0.12 B

MS-BA 4 μM 10 0 100 4.6 ± 1.27 B 0.76 ± 0.11 D

The superscript, uppercase letters (A–D) indicate statistically significant differences between the samples. The
statistical significance of the relative abundances was determined by the Tukey’s post hoc test, with p ≤ 0.05.

After 4 weeks of cultivation, the MS0 explants showed a lower proliferation (one
shoot/explant), while the explants grown in the presence of BA showed better proliferation,
with 3–5 shoots in independent experiments. However, the addition of BA produced shorter
shoots (1.2–1.5 cm in length) than those of MS0 (2.67–3.5 cm) (Figure 1c,d, respectively).

Therefore, other shoots were cultured with MS, combined with different concentrations
of BA (1, 2, or 4 μM). The highest proliferation of shoots was obtained with the lowest BA
concentration (8.1 shoots per explant), followed by the concentration of 2 μM and 4 μM BA.
The highest shoot length was achieved with the use of the MS0 medium (range, 2.67–3.5 cm),
and the shortest shoots (0.76 cm) with the 4 μM BA. The effect of the addition of cytokinin
is well-known to increase the number of shoots in other species. In A. vulgaris, the shoots
proliferated in liquid MS with 0.44–8.88 μM BA, and the best effect on shoot multiplication
was obtained with the addition of 4.44 μM BA, producing 85.5 shoots/explant at 500 mL
flask capacity and with an average length of 12.2 cm [20]. The extraordinary data differed
from our results due to the methodology and the species used. Usually, the solid medium
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is used for shoot induction and proliferation. In A. granatensis, the highest axillary shoot
proliferation rate was achieved with a solid medium and the addition of 0.44 μM BA,
although the shoots exhibited short lengths (0.5 cm). On the contrary, the longest length
of the main shoots (2.1 cm) was achieved with MSA0 [21], which did not differ from our
results on shoot induction (MS0, 2.67–3.5 cm).

However, a wide range of literature on other Artemisia species has highlighted the use
of both cytokinins (BA) and other growth regulators in producing high shoot proliferation.
In A. annua, BA (0.5–1.0 mg/L, e.g., 2–4 μM) stimulated the highest shoot proliferation,
although other types of hormones (e.g., Gibberellin acid, GA3) also induced the devel-
opment of shoots from the tip explants [22]. A. absinthium nodal explants cultivated in
the presence of 0.5 mg/L BA with 0.25 mg/L Kinetin (kn) produced shoots with a length
(6.0 ± 0.52 cm) of 3.25 ± 0.42 cm [23], although the unique addition of BA produced the
highest shoot number (4.5) when the concentration was 0.5 mg/L (e.g., 2 μM) [23]. In other
reports, the proliferation of shoots has been correlated with the production of secondary
metabolites. In A. alba, the simultaneous presence of indole-3-butyric acid (IBA) and BA in
the medium promoted the development of shoots and roots and phenolic compounds [24].
Low BA concentration in combination with different IBA concentrations increased the
amount of phenolic compounds as compared with the basal medium without plant growth
regulators [24,25].

The different responses of the Artemisia species to the various culture media indicate
that the pivotal results obtained in A. caerulescens with the unique addition of BA can be
improved by the further addition of growth regulators.

No data about the rooting are reported in this manuscript since the pivotal exper-
iments were performed to obtain higher shoot proliferation and thus to investigate the
production of metabolites by in vitro shoots. Rooting experiments will be performed in
future experiments and will be explored combination with various growth regulators to
improve the propagation technique.

2.2. Biochemical Analysis

The A. caerulescens wild plants were collected during the summer period to obtain
different aerial organs (leaves, and young and ripe inflorescences). The photosynthetic
pigments Chlorophyll a and b (chl a 930.03 and chl b 182.27 μg g−1 FW, respectively; Table 2)
were revealed in amounts that have already been observed for other Artemisia sp. such
as A. pauciflora, A. lerchiana, and A. santonica, although they were often referred to in dry
weight [12,26]. In fact, an estimation of the total chlorophyll content of A. caerulescens based
on dry material (4.69 mg g−1 dry weight) is similar to that of A. santonica (4.8 mg g−1 dry
weight) [12]. Inflorescences contained different pigments depending on the flowering stage:
the blossoms showed higher chlorophyll content than the ripe ones (376.99 and 231.31 μg
g−1 FW, respectively). The photosynthetic pigments were evaluated in other Artemisia
sp. tolerant to salinity; the A. absinthium young plants grown in salty conditions showed
similar values to those of A. caerulescens [27].

Other pigments, carotenoids, and anthocyanins were detected and related to an-
tioxidant activity. Leaves of wild plants showed the highest amount of carotenoids
(294.09 μg g−1 FW), probably associated with the photoprotection activity during the sum-
mer period and with tolerance to the salty soil area [28]. The carotenoid content in all
the other examined organs was comparable as their values did not exhibit a significant
difference. Concerning the anthocyanins, both stages of flowers (young blossom and ripe
flowers) showed the highest amount of these secondary metabolites, which are related to
the pigmentation of the flowers (Figure 1b), while they were not revealed in the leaves.
Interesting results were obtained regarding the polyphenol content of the various exam-
ined organs. Both inflorescences showed the highest amount, found within the range
of 17.15–18.42 mg GAE g−1 FW, while slightly lower content was observed in fresh wild
leaves (4.62 mg). The obtained data on the polyphenolic content of wild plants were in
agreement with those reported by Lee et al. [29].
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Table 2. Determination of metabolites in the different A. caerulescens organs grown in a wild area or
in an in vitro culture. Data are presented as means ± SE (n = 5). Different letters indicate statistically
significant differences determined by Tukey’s b post hoc test (p < 0.05). Abbreviations: nd.—not deter-
mined; GAE—gallic acid equivalents; CE—catechin equivalents; ME—malvin-chloride equivalents.

Wild Plants In Vitro Shoots

Leaves
Young

Inflorescences
(Blossom)

Ripe
Inflorescences

Shoots
(MS0)

Shoots
(MS-BA 2 μM)

Chlorophyll a
(Chl a, μg g−1 FW) 930.03 ± 12.19 A 376.99 ± 0.23 BC 231.31 ± 4.07 C 208.9 ± 2.76 C 448.25 ± 3.76 B

Chlorophyll b
(Chl b, μg g−1 FW) 182.27 ± 8.36 A 114.78 ± 0.54 B 68.71 ± 0.78 B 66.6. ± 0.68 B 132.79 ± 3.76 AB

Total Chlorophyll
(Tchl, 284.9 μg g−1 FW) 1112.3 ± 20.15 A 491.76 ± 0.30 BC 300.02 ± 4.51 C 275.51 ± 3.44 C 581.04 ± 14.54 B

Total carotenoids
(Tcar, μg g−1 FW) 294.9 ± 2.01 A 134.39 ± 0.37 B 91.47 ± 1.61 B 60.2 ± 0.78 B 124.11 ± 3.10 B

Total Anthocyanins
(TA, mg ME g−1 FW) nd. 7.95 ± 0.51 AB 20.47 ± 0.89 A 1.03 ± 0.05 B 0.57 ± 0.05 B

Total Polyphenols
(TP, mg GAE g−1 FW) 4.62 ± 0.13 B 17.15 ± 0.12 A 18.42 ± 0.24 A 0.71 ± 0.01 B 0.63 ± 0.05 B

Radical scavenging
DPPH-assay
(μmol TEAC g−1 FW)

12.25 ± 0.55 B 82.15 ± 4.80 A 71.16 ± 2.94 A 2.53 ± 0.10 B 1.59 ± 0.16 B

Antioxidant activity
FRAP assay
(mmol Fe2+ g−1 FW)

24.35 ± 0.86 B 120.34 ± 3.64 A 102.3 ± 1.53 AB 4.91 ± 0.06 B 4.30 ± 0.3 B

The superscript, uppercase letters (A, B, C) indicate statistically significant differences between the samples. The
statistical significance of the relative abundances was determined by the Tukey’s post hoc test, with p < 0.05.

The antioxidant activity, detected with two different assays (FRAP or DPPH), was
therefore the highest in the flowers of A. caerulescens, followed by the leaves. The activity
could be linked to the polyphenols, including the anthocyanins, since they work as scav-
engers of free radicals and as natural metal chelators [30], and to the carotenoids, which
have achieved increasing interest in the last decades for their antioxidant properties [31].
On the other hand, the contribution of other antioxidant molecules can be included and
further investigated.

Biochemical analyses of in vitro shoots were performed and referred to the different
culture media. The chlorophyll content (Chl a, Chl b, and total chlorophyll) of shoots
was higher in the MS-BA medium (581.04 μg g−1 FW) than in the basal MS medium
(275.51 μg g−1 FW), and this effect was linked to the known influence of BA in chlorophyll
production. Regarding the other pigments, carotenoids were higher in the MS-BA than in
the MS medium, following the trend of the other photosynthetic pigments. Anthocyanins,
belonging to the class of phenolic compounds, were more concentrated in the MS0 medium
(1.03 mg ME g−1 FW) than in MS-BA (0.57 mg ME g−1 FW). In vitro shoots showed a
reasonable polyphenol content (0.63–0.71 mg GAE g−1 FW), and the antioxidant activities
(DPPH and FRAP assay) were higher in MS0 than in MS-BA (Table 2). Altogether, the
contribution of cytokinin BA seemed to reduce the production of antioxidant compounds.
A similar effect has already been observed in the shoot culture of Scutellaria alpina [32] and
in the shoot culture of Artemisia alba [24], for which the high concentration of BA limited the
amount of polyphenol compounds. The initial results obtained on A. caerulescens provide a
basis for future investigations dealing with the optimization of the secondary metabolite
production with the addition of plant growth regulators [24], or the addition of elicitors, or
treatment with light, or precursor feedings, as already reported for the genus Artemisia [33].
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2.3. Phytochemical Investigation
2.3.1. Headspace Analysis

The complete composition of the headspaces (HSs) emitted by both the different parts
of the wild plant (leaves, young inflorescences, and ripe inflorescences) and the in vitro
shoots of A. caerulescens are reported in Table 3. A total of 35 compounds were identified,
representing 97.3–100% of the whole volatile organic compounds (VOCs).

All the volatile emissions were characterized by the predominance of oxygenated
monoterpenes, which resulted significantly higher in the HS of the in vitro culture (91.6%),
followed by the ripe flowers (89.1%) > leaves (87.0%) > young inflorescences (70.2%).
Among this class of compounds, thujones were the main constituent; in particular, α-
thujone was revealed in remarkable percentages in all the samples, ranging from 45.4% in
the young inflorescences and 83.2% in the in vitro shoots, whose HS was characterized by
only ten compounds. β-thujone was detected in good percentages as well: it was higher
in the samples which presented lower percentages of the α-isomer. The HS of young
inflorescences exhibited the highest amount of this compound (11.2%), while the in vitro
shoots had the lowest (7.6%).

Monoterpene hydrocarbons were well-represented in the wild plant samples, whilst
they were revealed in very low percentages (0.7%) in the volatilome of the in vitro culture.
The young inflorescence HS presented the highest amount of this chemical class (27.2%),
followed by the HSs of both the ripe inflorescences (9.8%) and leaves (9.3%). Sabinene was
the main monoterpene hydrocarbon component detected in these samples as it accounted
for 5.2% of content in the leaves and 16.1% and 6.5% in the young and ripe flowering tops,
respectively.

As well-evidenced in Table 3, the in vitro culture showed a less complex chemical
composition of the volatile emission as compared to that of the different parts of the mother
plant, probably due to a higher production of the oxygenated monoterpenes α- and β-
thujones, representing the 83.2% and 7.6% of the whole aroma composition, respectively.
The higher percentage of thujones in the in vitro shoots was probably attributable to a
metabolism strongly directed to their production, as Dudareva et al. [34] reported a strong
genetic regulation of the biosynthetic pathways involved in the volatile formation.

To the best of our knowledge, this is the first study on the chemical composition of the
spontaneous volatile emission of A. caerulescens, although the compositions of the HSs of
other Artemisia species have already been reported [35]. The main VOCs identified in the
analysed samples were aligned with Artemisia umbelliformis subsp. eriantha, whose main
compound was also α-thujone, although it is usually present in lower amounts than the
β-isomer [36]. Conversely, the volatile profile of the analysed samples was very different
from that of the Artemisia argyi H. Lév. studied by Li et al., who reported germacrene D
(28.73%), α-pinene (16.44%), limonene (12.22%), cylcofenchene (6.46%), and α-phellandrene
(4.06%) as the main components [37], and differing from that of Artemisia spicigera C. Koch
and Artemisia scoparia Waldst. et Kit., as reported by Demirci et al., characterized mainly
by camphor (37.5%) and β-pinene (20.8%), respectively [38]. Moreover, camphor, was
also reported as a major component of A. campestris L. (31.78%), which was also rich in
1,8-cineole (23.11%) and α-thujone (16.82%) [39].

The data of the volatile composition of the plant headspaces (HSs) was subjected to
multivariate statistical analysis with the use of the Hierarchical Cluster Analysis (HCA)
and the Principal Component Analysis (PCA) methods.

The dendrogram of the HCA, reported in Figure 2, showed two macro-clusters: the
pink and green ones. The HS of the young inflorescences was clustered by itself in the
green cluster, while the other samples were grouped together in the pink group. However,
the HSs of ripe inflorescences and in vitro shoots were closer to each other than to the HS
of the leaves.
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Table 3. Complete chemical composition of the HSs emitted both by different parts of the wild
plant (leaves, young inflorescences, and ripe inflorescences) and the 4-week-old in vitro shoots of
A. caerulescens (n = 3. ± SD).

Compounds l.r.i. 1 l.r.i. 2 Class
Relative Abundance ± Standar Deviation (%)

Leaves
Young

Inflorescences
(Blossom)

Ripe
Inflorescences

In Vitro
Shoots

ethyl 2-methylbutyrate 850 850 nt - 3 0.1 ± 0.00 - -
(E)-salvene 867 867 nt - - 0.4 ± 0.15 -
ethyl isovalerate 859 858 nt - 1.9 ± 0.22 - -
tricyclene 922 927 mh - 0.3 ± 0.00 -
α-thujene 926 1102 mh 0.1 ± 0.07 0.6 ± 0.11 0.2 ± 0.06 -
α-pinene 933 939 mh 0.9 ± 0.18 3.2 ± 0.05 0.3 ± 0.09 -
camphene 948 954 mh 0.6 ± 0.09 0.8 ± 0.04 - -
sabinene 973 975 mh 5.2 ± 0.82 16.1 ± 1.06 6.5 ± 2.04 -
β-pinene 977 979 mh 0.1 ± 0.02 0.6 ± 0.03 0.2 ± 0.08 -
myrcene 991 991 mh 0.2 ± 0.06 0.3 ± 0.02 - 0.7 ± 0.38
2-methylbutyl isobutyrate 1016 1017 nt - 0.3 ± 0.03 0.2 ± 0.02 -
α-terpinene 1017 1017 mh 0.1 ± 0.02 0.2 ± 0.01 0.1 ± 0.01 -
p-cymene 1025 1025 mh 1.4 ± 0.16 0.6 ± 0.03 1.7 ± 0.25 -
limonene 1029 1029 mh 0.3 ± 0.05 0.9 ± 0.17 0.2 ± 0.05 -
1,8-cineole 1031 1031 om 1.2 ± 0.04 1.2 ± 0.06 1.2 ± 0.14 0.8 ± 0.22
γ-terpinene 1058 1060 mh 0.3 ± 0.02 0.3 ± 0.00 0.6 ± 0.10 -
α-thujone 1107 1102 om 67.9 ± 1.56 45.4 ± 0.04 78.1 ± 2.56 83.2 ± 1.41
β-thujone 1117 1114 om 8.0 ± 0.64 11.2 ± 1.80 9.7 ± 0.28 7.6 ± 0.16
chrysanthenone 1126 1128 om 2.1 ± 0.43 2.6 ± 0.54 - -
trans-pinocarveol 1139 1139 om 0.2 ± 0.03 - - -
(Z)-tagetenone 1231 1229 om - 0.6 ± 0.02 - -
(E)-tagetenone 1240 1238 om 0.3 ± 0.02 - - -
isopiperitenone 1271 1272 * om 0.7 ± 0.02 - - -
perilla aldehyde 1273 1272 om - 0.5 ± 0.30 - -
(E,E)-2,4-decadienal 1316 1317 nt 0.2 ± 0.03 - - -
cyclosativene 1367 1371 sh - - - 1.2 ± 0.26
α-copaene 1376 1377 sh 0.4 ± 0.06 - - 1.7 ± 0.10
β-elemene 1392 1391 sh - - 0.6 ± 0.11 -
2-ethylidene-6-methyl-3,5-heptadienal 1395 1395 om 6.4 ± 1.01 - - -
cyperene 1399 1399 sh 2.0 ± 0.68
(E)-β-farnesene 1458 1457 sh 1.3 ± 0.17
germacrene D 1481 1485 sh 0.8 ± 0.20
β-selinene 1486 1490 sh 0.3 ± 0.02 - - -
T-cadinol 1641 1640 os 0.7 ± 0.10
brevifolin 1669 1675 * pp 0.2 ± 0.03 - - -

Total identified (%) 97.3 ± 0.06 100.0 ± 0.01 100.0 ± 0.01 100.0 ± 0.01

Chemical Classes Leaves
Young

Inflorescences
(Blossom)

Ripe
Inflorescences In Vitro Shoots

Monoterpene hydrocarbons (mh) 9.3 ± 0.95 B 27.2 ± 0.13 A 9.8 ± 2.66 B 0.7 ± 0.38 C

Oxygenated monoterpenes (om) 87.0 ± 0.97 B 70.2 ± 0.34 C 89.1 ± 2.72 AB 91.6 ± 1.35 A

Sesquiterpene hydrocarbons (sh) 0.6 ± 0.08 B - B 0.6 ± 0.11 B 7.0 ± 0.88 A

Oxygenated sesquiterpenes (os) - B - B - B 0.7 ± 0.10 A

Phenylpropanoids (pp) 0.2 ± 0.03 - - -
Other non-terpene derivatives (nt) 0.2 ± 0.03 C 2.6 ± 0.20 A 0.5 ± 0.17 B - C

1 Linear retention index experimentally determined on an HP 5-MS capillary column; 2 Linear retention index
reported in the literature by Adams 2007 [40], NIST 14 [41], and NIST Chemistry WebBook [42]; * linear retention
time in PubChem [43]. 3 Not detected. For the chemical classes and for the superscript, uppercase letters (A, B,
C) indicate statistically significant differences between the samples. The statistical significance of the relative
abundances was determined by the Tukey’s post hoc test, with p ≤ 0.05.

Figure 2. Dendrogram of the Hierarchical Cluster Analysis (HCA) performed on the complete
chemical composition of the sample’s headspaces.

The score and the loading plot of the PCA are reported in Figure 3a,b, respectively.
The distribution of the samples was comparable to the partitioning of the HCA. The young
inflorescence HS, which was clustered by itself in the dendrogram, was plotted in the
bottom left quadrant in the score plot of the PCA (PC1 and PC2 < 0), probably for its
considerable content of sabinene. The other three samples, which belong to the pink cluster,
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were plotted in the right quadrants (PC1 > 0); although the ripe inflorescences and the
in vitro shoot HSs were located in the bottom quadrant (PC2 < 0), the HS of leaves was
plotted on the partitioning line between the upper left and right quadrants, probably due
to its higher content of 2-ethylidene-6-methyl-3,5-heptadienal.

Both graphs evidenced that the aroma composition of the in vitro shoots was not so
different from the HSs of the different organs of the wild plant despite the fact that it was
less complex because the thujones had the greatest impact on the plant fingerprint.

Figure 3. Score (a) and loading (b) plots of the principal component analysis (PCA) performed on the
complete composition of the sample HSs.

2.3.2. Essential Oil Hydrodistillation

The EO yield was noticeable for all organs of the wild plants subjected to hydrodis-
tillation as it ranged between 0.41% for the ripe inflorescence and 0.17% for the young
inflorescences, passing through 0.35% for the leaves. This should be a positive aspect for the
employment of the in vitro cultures to obtain this valuable extract. The hydrodistillation
yield as well as the complete composition of the EOs obtained from the leaves, the young
flowers, and the ripe ones of A. caerulescens are reported in Table 4. In total, 33 compounds
were identified, representing 97.3–99.7% of the whole composition.

The examined samples were characterized by the predominance of oxygenated monoter-
penes, proving to be significantly more abundant in the EO obtained from the leaves (74.2%),
than in both the young and ripe inflorescence EOs (65.4%). Among this chemical class, α-
thujone was the most relevant compound, reaching 51.5% of the whole chemical composition
in the EO of the leaves, 41.7% in the EO of ripe flowers, and 39.7% in the EO of young ones.
β-thujone was also well-represented in all the samples, comprising a total of 9.3–12.0%. The
chemical composition of the studied EOs was in accordance with Flamini et al. [35], who
reported α- and β-thujone as the main compounds and the absence of camphor in the EO of
A. caerulescens var. palmata.
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Table 4. Complete chemical composition and hydrodistillation yield of the essential oils obtained
from fresh leaves and young and ripe inflorescence samples of A. caerulescens (n = 3; ±SD).

Compounds l.r.i. 1 l.r.i. 2 Class

Relative Abundance (%) ± SD

Leaves
Young

Inflorescences
(Blossom)

Ripe
Inflorescences

ethyl isovalerate 859 858 nt - 3 0.1 ± 0.03 -
α-pinene 933 939 mh - 0.2 ± 0.03 0.1 ± 0.00
sabinene 973 975 mh 0.7 ± 0.18 1.3 ± 0.01 1.2 ± 0.02
p-cymene 1025 1025 mh 0.2 ± 0.04 - 0.3 ± 0.03
1,8-cineole 1031 1031 om 0.3 ± 0.01 0.3 ± 0.02 0.3 ± 0.01
γ-terpinene 1058 1060 mh - 0.1 ± 0.01 0.1 ± 0.01
cis-sabinene hydrate 1066 1070 om 0.3 ± 0.04 0.3 ± 0.02 0.4 ± 0.05
trans-sabinene hydrate 1098 1098 om 0.1 ± 0.03 0.2 ± 0.01 0.5 ± 0.04
α-thujone 1107 1102 om 51.5 ± 0.03 39.7 ± 1.81 41.7 ± 0.78
filifolone 1108 1109 om 1.6 ± 0.54 - -
β-thujone 1117 1114 om 9.3 ± 1.45 12.0 ± 0.07 9.9 ± 0.27
dehydrosabinaketone 1119 1121 om - 0.2 ± 0.05 -
chrysanthenone 1126 1128 * om 9.5 ± 1.24 8.1 ± 1.23 6.6 ± 0.02
trans-pinocarveol 1139 1139 om 0.5 ± 0.05 0.4 ± 0.03 1.2 ± 0.07
pinocarvone 1163 1165 om 0.3 ± 0.04 0.2 ± 0.02 1.0 ± 0.01
4-terpineol 1177 1177 om 0.4 ± 0.08 0.4 ± 0.00 0.3 ± 0.00
myrtenal 1194 1196 om 0.1 ± 0.02 0.1 ± 0.00 -
piperitone 1254 1253 om 0.2 ± 0.05 - -
cis-chrysanthenyl acetate 1262 1265 om - 0.4 ± 0.03 0.8 ± 0.01
isopiperitenone 1271 1272 * om 0.2 ± 0.03 0.1 ± 0.02 -
trans-sabinyl acetate 1294 1291 om - 3.1 ± 0.41 2.0 ± 0.09
β-caryophyllene 1419 1419 sh - - 0.3 ± 0.02
germacrene D 1481 1485 sh 0.5 ± 0.27 0.8 ± 0.15 -
β-selinene 1486 1490 sh - 1.0 ± 0.07 1.7 ± 0.14
phenylethyl 3-methylbutyrate 1491 1490 nt 0.3 ± 0.20 - -
α-cadinol 1654 1654 os - 0.1 ± 0.02 -
brevifolin 1669 1675 pp 23.6 ± 1.21 27.9 ± 2.21 28.8 ± 1.07
mustakone 1687 1676 os - 0.3 ± 0.01 -
Eudesma-4(15),7-dien-1β -ol 1688 1688 os - 0.3 ± 0.04 -
β-nootkatol 1712 1712 os - 0.3 ± 0.01 -
(Z)-lanceol 1762 1761 os - 1.0 ± 0.14 -
methyl isocostate 1792 1791 os - 0.7 ± 0.21 -
kaurene 2048 2043 dh - 0.2 ± 0.01 -

Chemical Classes Leaves
Young

Inflorescences
(Blossom)

Ripe
Inflorescences

Monoterpene hydrocarbons (mh) 0.9 ± 0.22 B 1.7 ± 0.03 A 1.8 ± 0.05 A

Oxygenated monoterpenes (om) 74.2 ± 2.01 A 65.4 ± 2.74 B 64.7 ± 1.02 B

Sesquiterpene hydrocarbons (sh) 0.5 ± 0.27 B 1.7 ± 0.22 A 2.0 ± 0.16 A

Oxygenated sesquiterpenes (os) - 2.7 ± 1.59 -
Phenylpropanoids (pp) 23.6 ± 1.21 B 27.9 ± 2.21 A 28.8 ± 1.07 A

Other non-terpene derivatives (nt) 0.3 ± 0.20 0.1 ± 0.03 -

Total identified (%) 99.5 ± 0.12 99.7 ± 0.00 97.3 ± 0.15

OE hydrodistillation yield (% w/w) 0.35 ± 0.01 B 0.17 ± 0.01 C 0.41 ± 0.01 A

1 Linear retention index experimentally determined on an HP 5-MS capillary column; 2 Linear retention index
reported in the literature by Adams 2007 [40], NIST 14 [41], and NIST Chemistry WebBook [42]; * linear retention
time in PubChem [43]. 3 Not detected. For the chemical classes and the EO hydrodistillation yield, the superscript
uppercase letters (A, B, C) indicate statistically significant differences between the samples. The statistical
significance of the relative abundances was determined by the Tukey’s post hoc test, with p ≤ 0.05.

Tujones are volatile monoterpene ketones widely used as flavouring agents in the
food industry. The accumulation of α- and β-thujone in the EOs is influenced by differ-
ent external and internal factors, such as the plant genetic heritage, organ, and growth
stage as well as weather and environmental conditions. Their biosynthesis, in fact, starts
from geranyl-diphosphate (GPP) and neryl-diphosphate, through a four-step biosynthetic
pathway, whose first produced monoterpene is sabinene. Despite sabinene, one of the
most widespread monoterpene compound detected in the EOs, is the indirect precursor
of thujones, their biosynthesis is restricted to only a few species as a consequence of plant
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genetic expression [44]. Unsurprisingly, since the metabolism was shifted to the production
of thujones, the analysed samples showed low amounts of sabinene, ranging from 0.7 to
1.3% of the whole EO compositions.

Today, thujones are the focus of debate concerning their effect on human health. Their
presence in products intended for human consumption is regulated by the European
Parliament and Council and the European Medicines Agency due to reported toxic effects
related to their use. However, plants containing thujones have been widely employed as
natural remedies in ethnobotanical applications. Recent investigations have cleared the
mechanism of neurotoxicity in these chemicals as they are modulators of the GABA-gated
chloride channels, but those studies have also evidenced several potential benefits such as
their immune-modulatory and anti-carcinogenic properties as well as their antimicrobial
effect. The effect of these chemicals seems to be strongly dose-dependent [44].

Moreover, the analysed samples were characterized by relevant amounts of chrysan-
tenone, accounting for 6.6%, 8.1%, and 9.5% of the total amount in the EOs obtained from
ripe inflorescences, young inflorescences, and leaves, respectively. The differences in the
relative content of this component were noticeable between the sample headspace and
the essential oil. In fact, chrysantenone was only detected in the HSs of leaves and young
inflorescences, which amounted to 2.1% and 2.6% of the total amount, respectively. Despite
the fact that this molecule has not ever been identified in A. caerulescens before, its presence
was not surprising as it has been found to be one of the major components of the EO
obtained from the aerial parts of Artemisia herba-alba, which showed high percentages of α-
and β-thujone as well [45].

Phenylpropanoids were the second relevant class of compounds in all the analysed
samples, resulting in higher representation in the EOs of both the young and the ripe
inflorescences (28.8% and 27.9%, respectively) than in those obtained from the leaves
(23.6%). The only detected compound belonging to this class was brevifolin, which has
not been detected in A. caerulescens before but was revealed in good percentages in the EO
obtained from Artemisia turcomanica Gand. [46].

3. Materials and Methods

3.1. Plant Materials

The spontaneous wild Artemisia caerulescens L. plants were harvested between June
and September 2021 in a typical salt marsh called Lame, located in the San Rossore Estate,
the heart of the Migliarino San Rossore Massaciuccoli Regional Park (Pisa, Italy). According
to the most recent taxonomic revisions [47], the plants chosen for the study refer to Artemisia
caerulescens subsp. caerulescens (=Seriphidium caerulescens (L.) Soják), previously cited under
the no longer accepted name of Artemisia caerulescens L. var. palmata Lam. [43,44]. Reports
on the species in the collection area are catalogued and georeferenced in the Wikiplantdbase
#Toscana database (2015) [48]. Five plants in June (vegetative stage) and five plants during
the blooming and the full-flowering phase (September) were used for the experiments.
Leaves and flowers were directly used for the analysis of the volatile emission and the
extraction of the essential oil. The aerial part of the plants (nodes) was also used for the
in vitro propagation. The biochemical analyses were thus performed by the collection of
fresh organs (leaves, flowers, in vitro shoots) and kept at −20 ◦C until use. In vitro shoots
and the aerial organs of spontaneous plants (leaves, flowers) were used for biochemical
and phytochemical analyses.

3.2. In Vitro Shoot Proliferation

Aerial parts of spontaneous plants were divided into small nodal parts. Apical and
nodal parts (1–1.5 cm) were used as explants and washed in Tween-20 for 30 min. The
NaClO solution (20%) was used as a sterilization agent for 30 min, and the explants were
further washed in sterilized water. These were subsequently placed in a culture medium
composed of Murashige and Skoog salts and vitamins [19], 3% sucrose, and 0.8% agar, and
the pH level was adjusted to 5.8 (called MS0). Other explants were placed in MS0 medium
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with the addition of 1, 2.4 μM 6-benzyl-aminopurine (BA, called MS-BA). The explants
were maintained in a culture chamber at 23 ± 1 ◦C, with a 16/8 h light/dark cycle and
50 ± 5 μmol m−2 s−1 light irradiance. The subcultures were processed every 4 weeks.

3.3. Biochemical Analysis
3.3.1. Pigment, Polyphenol, and Flavonoid Extraction and Determination

Ground/powdered fresh leaves of A. caerulescens (0.2 g each replicate) were incubated
with 10 mL of 100% methanol for 24 h at 4 ◦C, and the absorbance was subsequently read
at 665 nm, 652 nm, and 470 nm in a SHIMADZU UV-1800 spectrophotometer (Shimadzu®,
Japan). Chlorophyll a, b, total chlorophyll, and carotenoid content were determined using
the proper formulas reported by Lichtenthaler [49]. Biochemical determinations of total
polyphenols (TP), total flavonoids (TF), and antioxidant activity were performed on extracts
obtained by the homogenization of 0.2 g of the plant materials with 2 mL of 70% aqueous
methanol, then kept for 30 min in ice, and centrifuged at 14,000× g for 20 min. The
supernatants were used for the biochemical determinations. TPC was determined using
a modified protocol of the Folin Ciocalteau method [50]. The analysis was carried out on
10 μL of the supernatant, in triplicates. The incubation was performed at 40 ◦C for 30 min,
then the absorbance was spectrophotometrically determined at 765 nm. Total phenolic
content (TP) was expressed as mg of GAE per g of DW (μg gallic acid equivalents per
g FW). The total flavonoid content (TF) was determined as reported by Kim et al. [51] in
50 μL of the plant sample extracts. The absorbance was read at 415 nm and 510 nm, and
the concentration was expressed as mg of (+)-catechin equivalents (CE) per g of FW.

3.3.2. Antioxidant Activity

The antioxidant activity of the fresh leaves, young inflorescences, and ripe inflores-
cences of the wild plants and the aerial part of the in vitro shoot of A. caerulescens was
determined by using the DPPH (2,2-diphenyl-1-picrylhydrazyl radical) and FRAP (Fer-
ric Reducing Antioxidant Power) scavenging methods [52]. The assays were performed
in triplicates.

Concerning the DPPH scavenging method, 20 μL aliquots of the methanolic extract
were added to a 0.25 mM (w/v) DPPH methanol solution to reach a final volume of 1 mL.
After 30 min of incubation at room temperature in the dark, the blenching of DPPH was
measured at 517 nm. Trolox was used as control (2.5 mM), and the activity was expressed
as μmol Trolox Eq g−1 FW.

The scavenging activity of the sample by FRAP assay was performed using the Szôllôsi
method [53]: aliquots of 20 μL of the sample were added to 900 μL of FRAP solution. After
4 min of incubation at room temperature, the absorbance was read at 593 nm. FeSO4 was
used as standard, and the activity was expressed as mmol Fe2+ g−1 FW.

3.4. Phytochemical Investigation
3.4.1. HS-SPME Analysis

The spontaneous volatile emission of the fresh roots, leaves, young inflorescences, and
ripe inflorescences of the adult plant and the aerial part of the in vitro plant were analysed
in triplicate by HS-SPME (Headspace Solid-Phase Microextraction). The samples (2 g each)
were introduced into a 50 mL glass flask, subsequently covered with an aluminium foil,
and left to equilibrate for 30 min at room temperature. Then, the headspaces were analysed
using a Supelco PDMS fibre (100 μm) (Supelco analytical, Bellefonte, PA, USA), precon-
ditioned according to the manufacturer’s instructions. The sampling of the headspaces
were performed for 5 s for the leaves and the flowering tops of the adult plants, and for
15 s for the aerial part of the in vitro plant; the fibre was then withdrawn into the needle
and immediately injected into the GC-MS apparatus.
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3.4.2. Essential Oil Hydrodistillation

The fresh leaves, the young inflorescences, and the ripe ones of A. caerulescens were
hydrodistilled separately with a Clevenger-type apparatus (Tecnovetro Snc, Pisa, Italy) in
order to obtain the essential oil. The hydrodistillation was performed in triplicates on 80 g
of leaves, 40 g of young flowering tops, and 20 g of ripe inflorescences and was protracted
for 2 h. Then, the collected EOs were diluted in 5–10% HPLC-grade n-hexane and injected
into a GC-MS apparatus.

3.4.3. Gas Chromatography—Mass Spectrometry Analyses

The gas chromatography–electron impact mass spectrometry (GC–EIMS) analyses
were performed with an Agilent 7890B gas chromatograph (Agilent Technologies Inc., Santa
Clara, CA, USA) equipped with an Agilent HP-5MS capillary column (30 m × 0.25 mm;
coating thickness 0.25 μm) and an Agilent 5977B single quadrupole mass detector. The
analytical conditions for both the EOs and the SPME analyses were set as follows: oven
temperature ramp from 60 to 240 ◦C at 3 ◦C/min; injector temperature, 220 ◦C; transfer
line temperature, 240 ◦C; carrier gas helium, 1 mL/min. For the EO analyses, the injection
volume was 1 μL, with a split ratio of 1:25.

The acquisition parameters were the following: full scan; scan range: 30–300 m/z;
scan time: 1.0 s. The identification of the constituents was based on a comparison of the
retention times with those of pure samples, comparing their linear retention indices relative
to the series of n-hydrocarbons. Computer matching was also used against commercial
(NIST 14 and ADAMS 2007) and laboratory-developed mass spectra libraries, built up from
pure substances and components of commercial essential oils of known composition and
MS literature data [40,54–58].

3.5. Statistical Analysis

The analysis of variance (ANOVA) was performed using the JMP Pro 14.0.0 software
package (SAS Institute, Cary, NC, USA). Concerning the phytochemical investigation,
ANOVA analyses were carried out on the chemical classes of compounds for both the
essential oil and the headspace analyses, and on the EO hydrodistillation yield. Concerning
the biochemical analysis, ANOVA analyses were performed on chlorophyll A, chlorophyll
B, total chlorophyll, total carotenoids, total polyphenols, total anthocyanins, radical scav-
enging assay (DPPH), and antioxidant activity (FRAP). Averages were separated by Tukey’s
b post hoc test. p < 0.05 was used to assess the significance of differences between means.
Multivariate statistical analyses were also performed with the JMP software package. Hi-
erarchical cluster analysis (HCA) was performed using Ward’s method on unscaled data,
with squared Euclidean distances as a measure of similarity. Principal component analysis
(PCA) was performed on a 35 × 4 data covariance matrix (35 compounds × 4 samples =
140 data), selecting the two highest PCs, PC1 and PC2, obtained by the linear regression
operated on the mean-centred, unscaled data, covering 94.40% and 4.03% of the variance,
respectively, for a total variance of 98.03%.

4. Conclusions

In the context of climatic changes, the micropropagation technique was useful in
avoiding the germplasm depletion of species found in a protected area and in maintaining
biodiversity. The preliminary results on the proliferation of in vitro shoots of A. caerulescens,
a halophyte species still not fully characterized, showed the best results with the MS
medium, added with 1 μM of BA.

Biochemical analyses and antioxidant activity were investigated on both in vitro shoots
and wild plants as well as the chemical composition of the spontaneous volatile emission,
which, to the best of our knowledge, has never been studied before. Moreover, we also
reported the chemical composition and the hydrodistillation yield of the essential oils
obtained from the different organs of the plant.
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Total polyphenol content and antioxidant activity were noticeable in both the inflores-
cences, while leaves and in vitro shoots showed lower amounts. Due to the low amount of
antioxidant compounds in the in vitro shoots, further studies are necessary to improve the
production of secondary metabolites.

Concerning the phytochemical investigation, the oxygenated monoterpenes α- and
β-thujone were the main compounds detected in both the analysed headspaces (HSs) and
the essential oils (EOs). They are the representative compounds of the Artemisia genus, and
their biological activity is widely used in folk medicine. The EO yield was noticeable in all
the organs of the wild plant subjected to hydrodistillation. The EOs were also characterized
by noticeable percentages of phenylpropanoids (23.6–28.8%), with brevifolin as the unique
compound, which was not detected in the spontaneous volatile emissions of the same parts
of the wild plant. The high percentage of phenylpropanoids identified in the EOs and
the high EO yield represent an interesting starting point for future investigation into their
biological activities that will promote their employment in other possible applications.
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