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Abstract: At present, most precious compounds are still obtained by plant cultivation such as
ginsenosides, glycyrrhizic acid, and paclitaxel, which cannot be easily obtained by artificial synthesis.
Plant tissue culture technology is the most commonly used biotechnology tool, which can be used for
a variety of studies such as the production of natural compounds, functional gene research, plant
micropropagation, plant breeding, and crop improvement. Tissue culture material is a basic and
important part of this issue. The formation of different plant tissues and natural products is affected
by growth conditions and endogenous substances. The accumulation of secondary metabolites are
affected by plant tissue type, culture method, and environmental stress. Multi-domain technologies
are developing rapidly, and they have made outstanding contributions to the application of plant
tissue culture. The modes of action have their own characteristics, covering the whole process of
plant tissue from the induction, culture, and production of natural secondary metabolites. This paper
reviews the induction mechanism of different plant tissues and the application of multi-domain
technologies such as artificial intelligence, biosensors, bioreactors, multi-omics monitoring, and
nanomaterials in plant tissue culture and the production of secondary metabolites. This will help to
improve the tissue culture technology of medicinal plants and increase the availability and the yield
of natural metabolites.

Keywords: bioreactors; intelligence model and optimization algorithm; multi-omics monitoring;
nanomaterials; plant tissue culture; secondary metabolites

1. Introduction

The increment in the global demand for medicinal plant resources, a diversified
use of plants, and the reduction in cultivated land have accelerated the lack of plant
resources. Large-scale culture of plant cells and tissues is considered to be a suitable
method to alleviate this situation. In the past, due to the differences in plant species
and varieties, the immaturity of culture conditions, and the solidification of research
thinking, the development of plant cell and tissue culture technology was relatively slow [1].
Although the growth of plant tissues can be easily observed at different stages of in vitro
culture, the growth environment of different tissues is nonlinear and uncertain, and is also
affected by many other factors [2]. The complex interaction of many factors makes the use of
traditional statistical methods problematic for optimization, and requires a certain amount
of processing. New technologies have benefitted from the development of many fields
such as information technology, engineering, instruments and the methods of analysis, and
material science. In recent years, with breakthroughs in the biological mechanism of plant
tissue and the continuous development of new technologies in various disciplines, the
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combination of theory and new technology has made rapid progress in the development of
plant cell and tissue culture. Figure 1 shows the rapid progress in the development of plant
cell and tissue culture with the help of the combination of theory and new technology. The
development of various new technologies for plant tissue culture is aimed at achieving an
efficient and high-volume production of plant biomass and effective secondary metabolites.

Figure 1. New technologies for plant tissue culture.

Whether for solid or liquid culture of plant tissue, the prediction and optimization
of culture conditions have always been the focus of research. Data-driven modeling
technology such as artificial intelligence (AI) [3], optimistic algorithm (OA) [4], and gene
expression programming (GEP) can effectively be used for different purposes in plant
tissue culture [5] such as the modeling, prediction, and optimization of plant genotypes,
media, sterilization conditions, and plant growth regulators. Although we have these
methods to optimize the culture condition, at present, the large-scale production of plant
tissues can only be achieved by bioreactors. Bioreactors are engineering systems that
support aerobic or anaerobic biochemical processes [6,7]. Various types of bioreactors have
been designed and modified to improve the culture efficiency of different plant tissues.
In addition, nuclear magnetic resonance-based metabolomics can be used as a tool to
study the dynamics of plant cell metabolism and nutrition management [8]. Furthermore,
nanomaterials also exhibit many special physical and chemical properties in plant tissue
culture due to their unique structure and size [9]. Examples of the unique properties of
nanoparticles include a very large specific surface area, high surface energy, and quantum
confinement. These unusual properties may cause their environmental fates and behaviors
to be very different to those of bulk congeners [10]. More and more nanomaterials are used
in plant cell and tissue culture as elicitors [11,12]. Elicitors are often used in plant tissue
culture to stimulate the defense system and the accumulation of secondary metabolites. In
the past, biological elicitors and non-biological elicitors were more commonly used such as
salicylic acid, methyl salicylate, bezoic acid, chitosan, bacterial, fungal, and algal [13,14].
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In recent years, various types of nanomaterials have been used as new elicitors and have
shown exciting effects in plant tissue culture [9]. Layered double hydroxide (LDH) [15] and
chitosan [16] can be used as a transport carrier for various substances such as the transport
of plant growth regulators, nutrients, etc., to promote the growth of plant tissue biomass
and the contents of secondary metabolites. Engineered mesoporous silica nanoparticles
(MSNPs) can be easily modified by specific functional groups, transported through the
cell wall and cell membrane, and then enter the plant cells for the targeted binding of
bioactive substances such as flavonoids [17]. After the combination, the MSNP-bioactive
substance complex is carried out from the cell without causing significant harm to the
hosts, achieving the sustainable harvesting of natural products. This paper summarizes the
mechanism of medicinal plant tissue culture in recent years, and discusses the application
of new technologies in plant cell and tissue culture.

2. Study on the Mechanism of Medicinal Plant Tissue Culture

2.1. The Generating Mechanism of Stem Cell, Callus, and Adventitious Roots

During the late period of plant embryonic development, stem cells are located in
the apical niche of meristem, and stem cells will divide and differentiate to maintain
the constitution of meristem, which can grow into different tissues and organs such as
callus, adventitious roots (ARs), etc. [18,19]. Root apical meristem (RAM) determines the
embryonic development of the underground part of plants. The brassinosteroid (BR) has
been shown to regulate stem cell niche (SCN) in RAM. In the BR signal module in RAM, the
loss of functional BR leads to the decrease in cell division rate and the frequency of distal
stem cell renewal [20]. Rape steroids (BRAVO) produced by the expression of R2-R3MYB
transcription factors at the quiescent center (QC) play an important role in counteracting
the effects of BR on cell division [21]. QC-expressed gene Wuschel-related homeobox 5
(WOX5) is crucial in the identity and maintenance of QC and the mutant WOX5 showed an
aberrant differentiation pattern of stem cells [22].

Callus induction is a key step in plant suspension cell culture such as Zea mays L. [23],
Panax ginseng [24], and Abrus precatorius Linn [25]. The high concentration of indole-
3-acetic acid (IAA) promotes root formation while the high proportion of cytokinin is
good for adventive shoot regeneration [26,27]. Although the cell mechanism of callus
induction is complex, we know that the continuation of the cell division cycle is the key
to callus induction [28]. Somatic embryogenesis (SE) can follow two different pathways
called direct and indirect SE. Direct pathways occur when plant cells produce embryos
without forming calluses. The indirect pathway requires an additional step in callus
formation before embryonic development [29]. Abnormalities in SE are associated with
the use of 2,4-D in most published protocols, an inflammatory auxin that disrupts the
balance of endogenous auxin and the auxin polar transportation interfering with the
embryo apical-basal polarity [30]. Mechanical trauma may be the main inducing factors for
organ regeneration, which triggers callus formation by the dynamic hormone level and
transcriptional changes [31]. Callus formation is derived from J0121-labeled cells (J0121-
label is a marker of the pericycle cells of xylem in roots and near xylem in aerial tissues),
and the pericycle cells are considered to be the main contributors to the formation of callus.
Pericycle cells can form callus or lateral roots (LR), adventitious roots, and other organs
under certain conditions. An important transcription factor involved in the differentiation
of pericycle cells is Miniyo, which may lead to rapid cell differentiation or prevent cell
differentiation after entering the nucleus of pericycle cells [32,33] (see part a in Figure 2 for
a detailed pathway).

Adventitious root (AR) cultures show the characteristics of high root proliferation and
biomass, and have the potential to synthesize specific bioactive compounds. Adventitious
roots are a reliable source of natural chemicals due to their genetic and biosynthetic stability.
ARs can be induced from various explants (such as leaves, roots, stems, petiole callus, etc.)
in in vitro conditions. Factors affecting the morphogenesis of ARs include indole-3-acetic
acid (IAA), nitrous oxide, and light [34]. Among them, IAA is the main growth-promoting
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hormone that triggers AR; the fine-tuned spatiotemporal interactions between hormones
ultimately regulate IAA distribution and perception [35]. In many plant species, higher
IAA concentration is required in the early stage of adventitious root development than in
the later stage. Some downstream signaling pathways in IAA transduction are involved in
the molecular mechanism of adventitious root formation [36]. SLR is an auxin signaling
factor in the Aux/IAA protein family. The lack of a functional SLR in the slr-1 dominant
mutant resulted in reduced auxin response, affecting LRs and callus development. An
IAA signaling molecule, ALF4 may regulate the stability of IAA28 protein, and increased
SLR levels in ALF4 mutants may lead to callus and lateral root formation [37]. LR and AR
share key elements of genetic and hormonal regulatory networks, but are still influenced by
different regulatory mechanisms. Light is an important environmental parameter affecting
the development of AR and LR. Photoreceptors are involved in regulating the development
of AR and LR [38]. Studies on Arabidopsis show that roots have photoreceptors for blue,
red, and far red light [39] as well as a potential interaction between light and auxin in
AR regulation [40]. The growth response of roots to light and the initiation of AR may
be related to the change in the local endogenous auxin concentration [41] (see part b in
Figure 2 for the detailed pathway).

 

Figure 2. Effects of plant growth regulators. Note: (a) The effect of BR and transcription factor s on
cell division rate. (b) Different plant tissues are differentiated from pericycle cells or induced by plant
hormones. Yellow represents exogenous hormones, red represents exogenous hormones.

2.1.1. The Mechanism of Endogenous Plant Growth Regulators on Plant Tissue Growth
and Plant Stress Resistance

Plant development can be manipulated by adding PGRs at specific stages of growth
or maturation by adding plant hormones such as IAA, naphthaleneacetic acid (NAA),
6-furfurylaminopurine (KT), 6-benzylaminopurine (6-BA), ethylene, abscisic acid (ABA),
brassinolide (BL), jasmonic acid (JA), salicylic acid (SA), etc. [42]. All of these can stimulate
further developmental responses. In particular, IAA and cytokinin play a decisive role
in cell growth and differentiation (especially meristem differentiation) as well as apical
dominance [19]. IAA as well as ethylene and cytokinin plays an important role in the
formation of lateral roots [43,44]. The same growth regulator causes different responses to
different explants or species, indicating that plant hormone receptors may be specific. Each
hormone can correspond to multiple receptors in plants, and the relationship between plant
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hormone receptors is very complex [45]. The interaction of different hormone synthesis is
also complex, as IAA can promote the biosynthesis of gibberellin (GA) to promote fiber
development, and GA may regulate fiber development downstream of IAA [46]. The
function and crosstalk of common hormones are shown in Table 1.

Table 1. Function and crosstalk of common hormones.

Plant-Growth Regulator Classification Function Hormone Crosstalk

Auxin

IBA Root contact induction [47]
The hypocotyl and is enhanced by

application of (IBA) combined with
kinetin (Kin) [48]

IAA

IAA affects plant growth and development
including growth response, vascular

development, leaf and flower initiation, root
growth, and lateral root formation [49]

GA enhances auxin levels in stems by
stimulating polar transport of

IAA [50]

Cytokinin 6-BA Involved in cell division [51]

2,4-dichlorophenoxyacetic acid
(2,4-D), indoleacetic acid (IAA), and

6-BA promote the production of
somatic cells [52]

Gibberellins GA
Promote germination, growth and flowering,

promote leaf expansion, but inhibit root
growth [53]

GA and cytokinins antagonize many
developmental processes including

shoot and root elongation, cell
differentiation, shoot regeneration in

culture and meristem activity [49]

SA
Depending on its concentration and plant

growth conditions and developmental
stages [54]

SA regulates IAA biosynthesis and
transport. Low concentration of SA

(50 μM) promotes adventitious roots
and changes the structure of root

apical meristem [55]

ABA Regulate seed dormancy and
germination [56]

ABA, SA, and auxin can increase
plant resistance to pathogens [57]

Ethylene Branch elongation and leaf abscission [58]

The signaling mechanisms of
gibberellin, ethylene, and

brassinolide may not evolve until
mosses and vascular plants have

evolved [59,60]

Brassinolide Can promote the growth of plant seedlings

Working with other PGRs alone
affects plant growth and

development and abiotic and biotic
stress responses such as ABA,

ethylene, SA, JA [61]

2.1.2. Effects of Plant Growth Regulators on the Synthesis of Secondary Metabolites in
Medicinal Plants

Plant secondary metabolites are the main active ingredients of pharmaceuticals. Plant
growth regulators have been used in recent years as elicitors to stimulate the production of
secondary metabolites. Plant growth regulators stimulate the synthesis of different types
of secondary metabolites such as terpenoids and phenols (coumarins, lignins, flavonoids,
isoflavones), tannins, sulfur containing secondary metabolites (glucosinolates, phytoalex-
ins), and nitrogen containing secondary metabolites (alkaloids, cyanogenic glucosides and
non-protein amino acids) [62]. Some studies have shown that PGRs are not as effective as
traditional elicitors in improving the plant secondary metabolism level [63]. In addition to
increasing biomass accumulation, PGRs will also induce the quantitative modification of
major volatile components [64].

At present, although the specific mechanism of PGRs has not been elucidated, some
studies have confirmed some parts of the mechanism of plant hormone response. Studies
have shown that secondary metabolic clusters such as terpenoids share a common gene
evolutionary history with the major metabolic pathways of plant growth hormone syn-
thesis [64], which may reflect that the types of secondary metabolic compounds could
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be related to plant hormones. Plants transduce the signal of the nitrogen state through a
variety of signaling pathways. One of the pathways is to use cytokinins as messengers.
Cytokinin-mediated signal transduction is related to the control of plant development, pro-
tein synthesis, and macronutrient acquisition, and can coordinate with nitrate components
to change plant metabolism [65]. Calcium–hormone interaction regulates the expression of
phenylalanine ammonia lyase (PAL), stilbene synthase (STS), dihydroflavonol reductase
(DFR), and UDP-glucose, flavonoid 3-O-glucosyltransferase (UFGT), which will increase
the content of classified components (anthocyanins) in grape suspension cells [66]. IAA
level can be upregulated under the combined stress of drought and salt. The contents of
flavonoids and phenolic compounds as well as the transcriptional level and activities of
enzymes related to secondary metabolism are also increased [67]. In addition to regulating
the growth and development of plants, melatonin can also enhance the adaptability of
plants to biotic and abiotic stresses. Its strong antioxidant capacity can enhance the ability
of antioxidant enzymes in plants, thereby increasing the content of secondary metabo-
lites. Furthermore, melatonin can reduce the stress response of plants under low iron or
high iron conditions and upregulate the photosynthetic rate and synthesis of phenols and
flavonoids [68].

2.1.3. Biosensors Are Potential Tools for Plant Hormone Mechanism Research

A biosensor is an integrated receptor–transducer device that can convert a biological
response into an electrical signal, biosensors for a wide range of applications such as health
care and disease diagnosis, environmental monitoring, water and food quality monitoring,
and drug delivery [69]. The interaction network of plant hormones is very complex. The
visualization of the distribution and content of plant hormones in plant tissues can help
people understand the basic laws of plant growth, and can also improve the yield and
quality of plants by regulating the synthesis, transportation, and distribution of plant
hormones in plants. The engineering of biosensors provides a new tool for the monitoring
of phytohormones. The visualization and quantification of phytohormone distribution
can be realized by using biosensors and other related technologies including fluorescent
sensors, transcriptional reporters, degradation sensors, and luciferase [70].

Fluorescence biosensors are particularly effective for monitoring the spatial and tem-
poral distribution of small signal molecules, which can be used to study the distribution
and content of plant hormones in the subcellular [71]. The distribution of hormones in
living tissues can be observed by the expression of the reporter gene. However, the rela-
tionship between the concentration of signal molecules and reporter molecules is complex,
and it is necessary to use network dynamics to link the abundance of signals with the
reporter’s signal [71]. Genetically encoded biosensors are able to detect rapid changes in
the concentration and distribution of plant hormones in living cells [70]. Transcriptional
reporters, degron-based biosensors, and FRET-based direct biosensors have been developed
to monitor auxin. Ole Herud-Sikimić et al. [72] reported a binding bag specifically designed
for auxin. When auxin binds to the bag, the conformation of the auxin binding part will
be changed to couple with the fluorescent protein, then the fluorescence resonance energy
transfer signal will be generated so that the auxin level can be reflected. Other types of
sensors have been described. This article is no longer detailed [71].

3. Application of Technology with Different Fields

3.1. Using Data-Driven Modeling Technology to Optimize Tissue Culture Scheme

In order to successfully and efficiently carry out plant tissue culture, we need to
scientifically improve the culture conditions including light, temperature and humidity,
appropriate medium composition, plant growth regulators, etc. However, the cultivation
of plants of different species and different tissues of the same plant has great differences.
It is very tedious and inefficient to screen the most suitable culture conditions through
the experiments. For example, in the prediction of a medium formula, the mineral and
hormone composition of the plant micropropagation medium is an important factor in the
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growth of explants, but the different plant species lead to different nutritional and hormone
requirements. Blindly testing the types and proportions of various hormones and minerals
is time-consuming, laborious, and costly work, and does not often succeed. Most of the op-
timization of plant tissue culture medium is improved on the basis of previous experiments.
This method requires a lot of control experiments. Second, it is also necessary to effectively
develop and optimize the new medium. Understanding the role of minerals and hormones
and their interaction with other medium components and different plant tissues is critical
to the successful in vitro culture of plant tissues [73,74]. However, the relationship between
medium components is very complex, and there are even many unknown interactions. It is
difficult to optimize the medium for different plant species and genotypes. Therefore, the
development and application of a predictive modeling system for medium formulation
and culture conditions can improve the efficiency of culture optimization [74]. Data-driven
modeling is considered as an effective alternative to optimizing biological processes and
nonlinear multivariate modeling [75]. Modeling systems are often combined with opti-
mization algorithms to improve efficiency. Appropriate modeling techniques can not only
predict the value of the software sensor, but also estimate the probability [75]. In recent
years, modeling technology has developed rapidly. Common systems include the combina-
tion of an artificial intelligence (AI) model and optimization algorithm (OA) [76], and the
combination of gene expression programming (GEP) and genetic algorithm (GA) [5].

3.1.1. Application of Artificial Intelligence (AI) Model and Optimization Algorithm (OA)

The modeling method of artificial intelligence (AI) is more effective than other model-
ing techniques and is a potential modeling tool for plant tissue culture [77]. AI and OA are
widely used in different technical and scientific fields, and have been applied to improve
different stages of plant tissue culture in recent years. Artificial intelligence tools build
models from experimental and observational data. Using artificial intelligence models to
model different steps of plant tissue culture is a very suitable and reliable method [75].
AI relies on the knowledge of mathematics and statistical equations and has engineering
thinking and judgment capabilities. In recent years, various applications of AI and OA
in the prediction of plant tissue culture medium and the optimization of growth and de-
velopment have been reported. The steps of data modeling are: preprocessing of basic
data (including principle component analysis and the data), network selection (parameter
setting), training selection (error reduction) testing and interpretation of results, and the
assessment of the developed model. Artificial intelligence tools include a variety of artifi-
cial neural networks, support vector machine (unsupervised learning artificial intelligence
model for classification, clustering and regression analysis), and random forest (algorithms
for classification and regression). All of which have the characteristics of simple design and
high efficiency. The use of OA for optimal selection can significantly reduce the costs and
time. This method relies on genetic algorithms and is especially suitable for plant tissue
culture. The whole process takes into account the different culture stages of different plant
tissues (such as embryo [75], callus [78], bud [79], and root [80]). The modeling, prediction,
and optimization of plant genotypes, media, sterilization conditions, different types, and
concentrations of plant growth regulators also need to be considered [75]. As shown in
Figure 3, data-driven models are effectively used for different purposes in plant tissue
culture. AI and OA have been effectively applied to predict and optimize the length and
number of micro-buds [79,81] or roots [80], plant cell culture or hairy root biomass [82], and
culture environmental conditions (such as temperature and sterilization [83,84]) to achieve
the maximum productivity and efficiency as well as the classification of micro-buds and
somatic embryos. Future AI–OA methods could also be used in the development of genetic
engineering and genome editing.

3.1.2. Application of Gene Expression Programming (GEP) and Genetic Algorithm (GA)

Previous studies have focused on predicting the effects of various components of the
medium and hormones on plant explants through traditional multi-layer perceptron neural
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network (MLPNN) and multiple linear regression (MLR) methods. Genetic programming
(GP) is one of the most traditional and widely used evolutionary algorithms. GEP technol-
ogy involves computer programs encoded by linear chromosomes of different sizes and
shapes, which is an effective alternative to traditional GP. Jamshidi et al. [85] used GEP
and M5’ model tree algorithms to predict the effects of medium components on the in vitro
proliferation rate (PR), branch length (SL), branch necrosis (STN), and vitrification (Vitri).
This method mainly includes modeling systems, multiple linear regression, radial basis
function neural network, gene expression programming, optimization of GEP models, and
genetic algorithm model optimization. In addition, they also compared the methods of
combining GEP with the radial basis function neural network (RBFNN) and multiple linear
regression (MLR), respectively, to predict the effects of minerals and certain hormones in
pear rootstock medium on the proliferation index. The results showed that RBFNN and
GEP showed a higher accuracy than MLR. At present, the application of GEP in plant tissue
culture is not replacing GA, but GEP has shown more accurate results in its application,
and its further development has great potential. For the application of artificial intelligence
and gene expression programming in tissue culture, see Table 2.

Figure 3. Overall roadmap for data-driven modeling technology.

Table 2. The application of artificial intelligence and gene expression programming in tissue culture.

Modeling Plant Optimal Results
Multilayer perceptron (MLP) as an artificial

ANN and support vector
regression (SVR)

chrysanthemum The highest embryogenesis rate (99.09%) and the maximum number
of somatic embryos per explant (56.24) can be obtained [3]

Artificial neural network–genetic algorithm Garnem The results showed that the optimized rooting medium was more
effective than the other standard medium [74]

GEP and M5′ model tree Pear rootstocks
Proliferation rate, shoot length, shoot tip necrosis, vitrification and
quality index; GEP had a higher prediction accuracy than the M5′

model tree [74]

Adaptive neuro-fuzzy inference
system–genetic algorithm Corylus avellana

Cell culture-responsive taxol biosynthesis was modeled and predicted
by cell extract, culture filtrate, and cell wall alone or in combination

with methyl-β-cyclodextrin [86]

Image processing and ANN Lycopersicon esculentum L.

Plant growth regulators, the concentration of gum Arabic (GA)
additive, the cold pretreatment duration, and flower length on callus
induction percentage and number of regenerated callus in an anther

culture of tomato [78]

ANNs-GA Pistacia vera Gain insights, predict, and optimize the effect of several independent
factors on four growth parameters [79]
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At present, data-driven modeling technology has become a predictive tool for mod-
eling complex biological research and plays an important role in plant tissue culture.
Scientific prediction greatly reduces the workload of researchers and reduces the cost of
in vitro culture. In the future, the development of modeling technology may make the
in vitro culture of plant tissue become more automated and mechanized.

3.2. New Technologies to Help Bioreactor Engineering
3.2.1. Design of New Bioreactor

Many secondary metabolites of plants still cannot be obtained by artificial synthe-
sis. The cell and tissue culture of medicinal plants is still the main source of secondary
metabolite production [18]. Bioreactors can support the large-scale production of plant
cells and tissues and has the advantages of stability, high efficiency, high yield, and low
cost [6]. Bioreactors can be used to culture microorganisms or plant cells and tissues under
monitored and controlled environmental conditions (such as pH, temperature, oxygen
tension and nutrient supplement). Especially for medicinal plants with slow growth, a low
bioactive component content, and those easily disturbed by environmental factors such as
Panax ginseng and Panax notoginseng, the large-scale production of secondary metabolites
by a bioreactor will be very competitive to solve existing problems such as the high cost of
planting cultivation. By constructing the best environment for the effective growth and pro-
duction of bioactive substances, the culture results can be significantly affected, which can
be used to produce secondary metabolites, recombinant proteins, microbial fermentation,
etc. From an economic point of view, the final purpose of the design of the bioreactor is to
decrease the cost of planting production. To achieve this goal, a consideration of the cost of
equipment, substrate cost, time, and the final total output is required [7].

Bioreactors should be able to control environmental conditions and allow the aseptic
operation of different bioreactors to have a great influence on the state of secondary
metabolites in plant tissue or cell culture. Agnieszka Szopa [87] compared the accumulation
of phenolic acids and flavonoids in different types of bioreactors, and found that the conical
bioreactor (CNB) was the best reactor for phenolic acid accumulation, and the nutrient
sprinkle bioreactor (NSB) was the best for flavonoid accumulation. It can be seen that
different reactors have different influences on the product selection. The appropriate
design of the bioreactor will help to reduce costs, increase the productivity, and adaption to
different kinds of cultures.

3.2.2. Types of Bioreactors

Typical plant cell and tissue culture bioreactors are made of glass or stainless steel [88].
The morphology, rheology, growth, and production behavior of the culture should be
considered comprehensively when selecting the most suitable bioreactor type. Accord-
ing to the state of the growth environment, bioreactors can be divided into liquid phase
bioreactors, gas phase bioreactors, and gas phase and liquid phase combined bioreactors.
According to the structure of culture materials, they can be divided into suspension cell
culture bioreactors and tissue culture bioreactors. Liquid phase reactors include mechani-
cally driven reactors and gas-driven reactors. The stirred reactor will cause damage to the
culture materials. For gas-driven reactors, the oxygen flux and shear force should be con-
sidered [89]. In recent years, reactors dedicated to plant tissue and cell culture (PTCC) have
been continuously improved including airlift, tubular membrane, silicone-tubing aerated,
slug bubble, disposable wave and orbitally shaken, spray, helical ribbon impeller, rotating
wall vessel (RWV) bioreactors, and stirred tank reactors [6]. Stirred reactors, rotating drum
reactors, airlift reactors, bubble columns, fluidized bed reactors, and packed bed reactors
are the most commonly used industrial and commercial reactors [88]. The advantages
and disadvantages of a variety of reactors have been summarized by our predecessors, so
will not be elaborated here. Currently, one problem is the possibility of microbial and/or
viral contamination in bioreactors. These can occur by accident at any step in the culture
process, and the contamination can be bacteria, mycoplasma, viruses, parasites, and fungi.
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In general, aseptic techniques, fungicides, and or antibiotics can be used to prevent contam-
ination from occurring. The current work is focused on detecting bacterial contamination
in bioreactors [90].

Stirred tank reactors (STRs) are currently the most functional bioreactors in PTCC.
Airlift and bubble column systems were basically designed to improve the biological
oxygen demand of the culture. Helical and double helical ribbon impellers appeared to be
efficient for the suspension culture of high-density plants. An important advance in plant
cell and tissue culture is the use of disposable bioreactors. A disposable reactor replaces
the stainless-steel material in the device with plastic products, which greatly reduces the
preparation time and cost of the reactor. Another advantage of disposable bioreactors is
that they do not require cleaning, which will reduce the probability of contamination. At
present, due to limited experience in the use of disposable reactors, a lack in the physical
strength of plastic materials, and other reasons, this type of reactor is not widely used [91].
A large number of condition optimization experiments can be carried out simultaneously
by using laboratory glassware or designing small reactors. The laboratory optimization
of reactor culture conditions include temperature, pH value, oxygen supply, solid–liquid
ratio, medium composition, and elicitor.

3.2.3. Dynamic Monitoring during Scale-Up Culture

A variety of detecting techniques for omics research such as high-performance liq-
uid phase (HPLC), mass spectrum (MS), and nuclear magnetic resonance (NMR) can be
used to determine the type and content of animal and plant metabolites. Some have been
used to monitor robust and high-yield biological production processes. The conventional
physical parameters that should be detected are pH, temperature, and dissolved oxygen.
Sensors for bioreactor detection need to accurately measure the concentration of various
nutrients and metabolites in the culture medium without affecting the normal production
process. For nutrients and metabolites in reactors, spectroscopy is currently used for mon-
itoring. Spectroscopy is particularly important for the biotechnology industry because
it can be easily conducted and achieve online real-time measurement. The overview of
spectroscopy is to study the interaction between matter and electromagnetic radiation.
Analytical instruments include infrared spectroscopy, fluorescence spectroscopy, etc. Fi-
nally, statistical and mathematical techniques are used to analyze the chemical data of the
monitored material. Each spectral method has its own advantages and disadvantages,
which means that different spectral methods have different components and bioreactor
matrices to analyze. Spectroscopy for bioreactor monitoring has been used in microbial
fermentation, cell culture, etc. [92]. NMR is an important analytical technique in material
science and medicine. NMR-based metabolomics is used to monitor the concentration of
metabolites and can be used as a tool to study the dynamics of plant cell metabolism and
nutrition management. The advantages of NMR include fast, reliable, and allow for online
measurements of cell media, etc. [93]. Ninad Mehendale [94] proposed an NMR compatible
platform for automatic real-time monitoring of biochemical reactions using a flow shuttle
configuration for the real-time monitoring of biochemical reactions. Another advantage of
the proposed low-cost platform is high spectral resolution. Nuclear magnetic resonance
metabolomics can monitor metabolite reactions in different optimization processes.

3.3. Application of Nanomaterials in Plant Tissue Culture

Nanomaterials have a wide range of applications in biotechnology, and have played a
great role in medical, agricultural, pharmaceutical, and other fields. They can be used in sen-
sor development, agricultural chemical degradation, soil remediation, drug delivery, and so
on. Various materials are used to manufacture NPs such as metal oxides, ceramics, silicates,
magnetic materials, semiconductor quantum dots (QDs), lipids, and polymers. Dendritic
macromolecules and emulsion encapsulated polymer nanomaterials have controlled and
distressed release capabilities, and metal-based nanomaterials have a size dependence.
Nanomaterial formulations increase system activity due to higher surface area, solubility,
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and smaller particle size [95]. In the field of plant tissue culture, nanomaterials are widely
used as elicitor stimulation to increase the accumulation of secondary metabolites [96], or
as a transport carrier for plant hormones [97] and other substances to specifically harvest
effective substances in plant cells [17].

3.3.1. Nano-Elicitor
The Mechanism of Action of Nano-Elicitor

An elicitor stimulates the accumulation of secondary metabolites by stimulating the
defense system in plant metabolism. Biological elicitors and abiotic elicitors are commonly
used in plant tissue culture. Nanomaterials have been widely used in medicine, energy,
biotechnology, and other fields due to their unique properties. In recent years, studies
have found that using nanomaterials as elicitors can greatly increase the accumulation
of secondary metabolites. The properties of nanomaterials can be precisely controlled by
controlling the shape, size, and chemical composition of the materials. Nanoparticles can
increase the production of reactive oxygen species and hydroxyl radicals that distort cell
membranes, leading to changes in penetrability, facilitating the entry of nanoparticles into
plant cells, and stimulating the production of secondary metabolites [98]. The process
of nanomaterials acting on plant cells is shown in Figure 4. Controlled release of active
ingredients is due to the slow release characteristics of nanomaterials, the combination of
ingredients and materials, and the control of environmental conditions [95].

Figure 4. The process by which nano-elicitors act on plant cells. (A): The nano-elicitor increases
reactive oxygen species and hydroxyl radicals, which can enhance the permeability of cell mem-
branes. (B): The elicitor enters the cytoplasm and various organelles. (C): The elicitor stimulates
intracellular hormones, related signaling molecules, key genes, and other components related to the
synthesis of active substances, ultimately leading to an increase in the production of active substances.
(D): Nano-elicitors are excluded from the cell by exocytosis.

Application of Nano-Elicitors

Common nanomaterials include multiwalled carbon nanotubes (MWCNTs), single
walled carbon nanotubes (SWCNTs), graphene, and fullerene C70 [99]. However, not all
nanomaterials can be used as plant tissue culture elicitors. In addition to the reported
common metal nanomaterials (such as AgNPs, ZnNPs, CuNPs, TiNPs, etc.), there are
other new nanomaterials used in plant tissue culture. Carbon nanotube nanomaterials and
multi-walled carbon nanotubes can induce about twice the increase in the total phenol
content (TPC) in thyme (seedlings); for flavonoids (TFC), this number would be 1.09-
fold [100]. Studies have shown that the localization of graphene nanomaterial (GNS)
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inside the chloroplasts may be to activate photosynthetic pigments, thereby exhibiting
a stimulating effect on fructose, sucrose, and starch. This will increase the pepper and
eggplant yields, which will have no bad effect on the plants themselves. Nanomaterials can
be combined with a variety of chemical functional groups to form composite nanomaterials,
which indicates better influences on the content of secondary metabolites. The effects of
silver nanoparticles, graphene, and their nanocomposite nanoparticles on stevia plants
have been studied. Plants treated with nanocomposites were found to have more stevioside
and rebaudioside [99]. At the same time, the effects of MgONPs, perlite, and composite
nanomaterials made of MgONPs, perlite, and plant extracts on the volatile content of
Melissa officinalis leaf were compared, and it was found that the composite elicitor could
increase the content of the product by 0–17% [101].

Nano-elicitors play an important role in the production of many natural products. The
discovery and preparation of nanomaterials are key technologies. Therefore, which nanomate-
rials can be used as potential elicitors for plant tissue culture? To answer this question, we
conducted the following analyses. First, due to the application of new nanomaterials with
the development of nanotechnology, more and more new nanomaterials have been created,
so there is a need to combine biotechnology and engineering to achieve multidisciplinary
cooperation and development. Second, although some composite nanomaterials have not
been used in plant tissue culture, they have potential capabilities such as natural polysac-
charide composite nanomaterials [102]. This material contains naturally extracted chemical
components that are safer for plants, and this composite material generally has antibacterial
and antioxidant functions that can reduce bacterial contamination in plant tissue culture and
achieve a greener production model. Third, simple nanomaterials that bind to biological or
abiotic elicitors [103] also have antibacterial ability, and it is also convenient to conduct parallel
control experiments with common elicitors to obtain a better one. The reported effects of
different types of nano-elicitors on plant tissues are shown in Table 3.

Table 3. The effects of different types of nano-elicitors on plant tissues.

Classification of
Nanomaterials

Size/Concentration Source of Plant Materials Results

AgNPs 0, 25, 50, 100 nm,
and 200 ppm Rosmarinus officinalis L. Increased carnosic acid (CA) levels by more than

11% [104].

FeNPs 75 mg/L Hairy-root of
Dracocephalum kotschyi

Rosmarinic acid (RA) increased by 9.7-fold,
xanthomicrol, cirsimaritin, and isokaempferide

increased by 11.87, 3.85, and 2.27-fold,
respectively [105].

Chitosan encapsulated zinc
oxide nanocomposite 10–50 nm, Capsicum annuum

Photosynthetic pigments (about 50%), proline
(about 2 times), proteins (about 2 times),

antioxidant enzyme activity (about 2 times), PAL
activity (about 2 times), soluble phenols (40%),

and alkaloids (60%) [106].

Single-wall carbon
nano tubes

25, 50, 100, 125, and 250
μg/mL Callus of Thymus daenensis

Total phenolic (TPC) content increased by
1.290 ± 0.19 mgGAEg−1 DW, total flavonoid

(TFC) content increased by
2.113 ± 0.05 mgGAEg−1 DWimproved [107].

Graphene-based
nanomaterials (GBNs) 50, 100, and 150 mg/L Ganoderma lucidum All GBNs increased the ganoderic acid (GA)

content [108].

Magnetite nanoparticles
(MNPs)

10.77, 20.5, 29.3 nm and 0.5, 1,
2 ppm Callus of Ginkgo biloba L.

2 ppm + 10 nm MNPs increased the content of
quercetin, kaempferol, p-coumarin, luding,

caffeic acid, ginkgolide A, etc. [109].

SiO2NPs 2 mM Crocus sativus L.
Increased the content of crocin and activity of
superoxide dismutase (SOD), catalase (CAT),

and ascorbate peroxidase (APX) [110].

Nano-TiO2 10, 60, and 120 mg/L Callus of Salvia tebesana

The combination with methyl jasmonate
increased the total phenols. O-diphenols,

phenolic acid, flavonoid, flavane, flavonol, and
proanthocyanidin were all increased [111].

TiO2/perlite
nanocomposites (NCs) 15.50–24.61 nm Callus of

Hypericum perforatum
Induced the production of hypericin,

pseudohypericin, and volatile compounds [112].
MgO/perlite

nanocomposites (NCs) 10–30 nm Melissa officinalis Elevated volatile compounds. The new
compound rosmarinic acid was detected [101].
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3.3.2. Nanomaterials as Transport Carriers

Nano-transport technology can transport some chemicals into cells in a targeted and
efficient manner, which can effectively reduce the environmental pollution caused by plant
growth. Currently, inorganic nanoparticles have been studied for drug delivery applica-
tions [113]. Nano-fertilizers and nano-insecticides have increased the economic benefits of
agricultural products by 20–30% [114,115]. Nanomaterials for drug delivery such as calcium
phosphate, gold, carbon materials, silicon oxide, iron oxide, and lactate dehydrogenase
have multifunctional properties suitable for cell delivery such as wide availability, rich sur-
face function, good biocompatibility, potential target delivery ability, and controllable drug
release ability [116]. Plant development can be manipulated by adding plant growth regula-
tors at a specific stage of growth or development, and further developmental responses can
be stimulated by adding growth regulators such as auxin, cytokinin, gibberellin, ethylene,
or abscisic acid. Auxin and cytokinin are the most important of these growth regulators.
However, because these substances are greatly affected by the plant growth environment
and the species itself, their content in plants is very unstable. On the other hand, PGRs
are easily degraded by light, temperature, and other environmental factors, resulting in
the loss of their activity, thereby affecting the growth of plant organs [97]. To promote the
growth of plant tissue culture materials, we need to find a more efficient application model
to ensure an even distribution of plant growth regulators in plant tissues. At the same time,
we also need to supply plant growth regulators according to the needs of the plant tissue
to achieve the rapid accumulation of plant tissue biomass [117]. Nano-carriers have great
prospects for the application of plant growth regulators such as layered double hydroxide
(LDH) [15] and chitosan nanoparticles [16].

Layered Double Hydroxide Nanomaterials as Transport Carriers

LDH has certain advantages as transport carriers. The hydroxide component of LDH
can effectively prevent external enzymes and oxygen from destroying the loaded drugs
in the interlayer. The intercalated structure makes the drugs carried by LDH have a
controlled release effect. LDH-drug mixed nanoparticles can achieve cell localization by
adjusting the zeta potential. LDH material has low cytotoxicity [116], and its size should
be kept below 150–200 nm for endocytosis [118]. LDH has been used as a gene and in
drug delivery in recent years [119] such as in an antioxidant carrier, fertilizer carrier [119],
plant nutriment [15], pesticide slow release carrier [120], herbicide carrier [121], and plant
hormone transport carriers.

Ilya Shlar et al. [116] found that LDH could be used as the carrier of IAA and
acted on the plants of Vigna radiata (L.) Wilczek. The molecules of IAA are effectively
inserted into LDH through the co-precipitation effect. The insertion can protect IAA
molecules from enzymatic degradation, and the intercalation can achieve a sustained
release performance. The results showed that the IAA–LDH complex treatment in-
creased the rooting efficiency by 4.6 times and improved the biological activity of IAA
to promote adventitious root development. Hussein et al. [122] found that the use of
zinc-aluminum layered double hydroxide nanocomposites could achieve the controlled
release of plant growth regulator NAA in the film. Yanfang Liu et al. [123] used the ion
exchange method to insert sodium naphthalene acetate (NAA, a plant growth regulator)
into layered double hydroxide Mg/Al-LDH, so that NAA showed a significant release
effect. Vander A. de Castro et al. [117] used an alginate polymer (a substance with good
biodegradability) to encapsulate zinc-aluminum LDH and NAA to act on plant seeds.
The results showed that the alginate film containing ZnAl–NAA–LDH enhanced the
root area, fresh root material, and shoot length of the plants. Inas H. Hafez et al. [124]
constructed a gibberellic acid (GA) nanohybrid system using inorganic magnesium alu-
minum layered double hydroxide (LDH) as raw material. The biodegradation process of
intercalated GA is characterized by a long soil storage period and slow degradation rate.
Shifeng Li et al. [125] prepared β-naphthoxyacetic acid (BNOA) layered double hydrox-
ides (LDHs) by the co-precipitation method and discussed its release mechanism. They
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believed that with the cleavage of the LDH nanolayer structure, the nanohybrid of BNOA-
LDHs has good controlled release characteristics, and pH is the key factor.

Chitosan Nanoparticles as a Transport Carrier of Substances in Plant Tissue Culture

Compared with synthetic polymers, natural polymers have good biocompatibility
and biodegradability. The structure of some natural polymers is similar to that of biolog-
ical macromolecules, and they are more easily recognized, utilized, and metabolized by
organisms [126]. Chitosan is obtained by the acetylation of chitin after alkali treatment.
The structure of the amino group and carboxyl group can make chitosan functionalized
such as carboxymethylation, etherification, esterification, crosslinking copolymerization,
and other modifications [127]. Research has found that chitosan has good biodegrad-
ability, bioadhesion, ecological safety, and high biocompatibility due to its high charge
density, the interaction of amine and carboxyl groups, and the existence of hydrogen
bonds [128]. With these properties, chitosan can be used in biotechnology, medicine,
food, agriculture, environment, and other fields [129]. Chitosan nanocarrier systems
have also been developed for use in plant growth regulators as chitosan molecules can
slowly release plant growth regulators. There are many benefits of controlled release
such as protecting plant hormones from the environment and protecting plant cells from
the risk of explosive release [16].

Chitosan nanomaterials have the characteristics of promoting plant growth and in-
creasing the content of secondary metabolites. Farhad Mirheidari et al. [130] applied IAA,
GA3, and chitosan nanofibers (alone or in combination) to Roselle plants. The results
showed that IAA + GA3 + CNF (800 + 800 + 100 mg/L) stimulated the growth param-
eters of rose plants and promoted the content of healthy phytochemicals (ascorbic acid,
β-carotene, anthocyanin) and the improvement in plant antioxidant capacity. This indicates
that the combined application of plant growth regulators and chitosan nanofibers (CNFs)
has an important impact on various growth parameters and metabolite status, and reflects
the positive effect of chitosan nanofibers on plants. In plant tissue culture, chitosan is
mostly used as a transport carrier for plant hormones. Salicylic acid-chitosan nanoparticles
ensure their continuous availability in plants by slowly releasing SA. The seedling index
was 1.6 times higher than that of the control group, and the chlorophyll (a,b) content
(1.46 times), ear length, grain number per ear, and grain weight per pot were also in-
creased [131]. Plant hormones such as SA can fight toxic symptoms caused by heavy
metal stress such as chlorophyll synthesis and biomass loss [132]. Using SA-loaded chi-
tosan nanoparticles to act on plants can promote the absorption of SA by plants. Studies
have shown that salicylic acid nanoparticles (SANP) improve plant growth and phy-
toremediation efficiency under arsenic stress, and enhance the ability of plants to resist
arsenic stress [133]. As an essential element for plant growth, Cu may also cause heavy
metal toxicity to plants. Any organic compound that can affect plant development can
be seen as a plant growth regulator. It has been proven that the complex of 1-hydroxy-
1-methoxycarbonyl-copper (Cu(II)) can be used as a new plant growth regulator. This
regulator can realize the controlled release by delivering the Cu(II) complex to plants
using chitosan-coated calcium alginate microcapsules [134]. Some chitosan nanoparti-
cles can also be used as carriers of bacteria. J. J. Perez et al. [135] developed a novel,
green, low-cost chitosan-starch hydrogel as a delivery vehicle for plant growth-promoting
bacteria—Azospirillum. The results showed that the release of bacteria in saline was gradual
and could be used as a bio-nano fertilizer. Different chitosan nanomaterials as plant tissue
culture material transport carriers are shown in Table 4.
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Table 4. Different chitosan nanomaterials as transport carriers in plant tissue culture.

Chitosan Nanomaterials and
Carrier Materials

Dimensions (MD) Results

Novel chitosan/alginate microcapsules
simultaneously loaded with

copper(II)cations and trichoderma viride
-

Chitosan/alginate microcapsules may incorporate both
viral spores and chemical bioactivators without inhibiting

their activity [134].

Deoxycholic acid carboxymethyl chitosan
(DACMC) loaded with rotenone 91.3–140.0 nm

The in vitro release data of rotenone-loaded DACMC
followed the Ritger and Peppas Case II transport

mechanism. Highlights the potential of DACMC to reduce
the use of organic solvents in the production of

water-insoluble pesticides [136].

Alginate/chitosan nanoparticles
encapsulated GA3 472–503 nm

Nanoparticles can improve the biological activity of
gibberellic acid and have good application prospects in
agriculture. Good performance and time stability [137].

Nanocarriers of plant growth regulator
gibberellic acid (GA3) composed of
alginate/chitosan (ALG/CS) and

chitosan/tripolyphosphate (CS/TPP)

450 ± 10 nm
ALG/CS-GA3 nanoparticles have higher stability and

efficiency in increasing the leaf area and chlorophyll and
carotenoid content [97].

SA-CS NPs 368.7 ± 0.05 nm
SA-CS NPs can significantly affect the source activity by
slowly releasing SA to manipulate various physiological

and biochemical reactions of wheat plants [131].

SA-CS NPs -

The results showed that the activity of antioxidant defense
enzymes in maize increased, and the balance of reactive

oxygen species (ROS) and the deposition of cell wall lignin
increased, which had a positive effect on disease control and

maize plant growth. It is a potential biological
promoter [138].

Silica or chitosan encapsulated salicylic
acid (SA) capsules

9.6–11.0 mm,
7.2–8.5 mm

In the in vitro system, the plants treated with a low
proportion capsule had the best antifungal effect. At the

same time, the capsule treated plants had higher levels of
root and rosette development than the free SA treated

plants [139].

Chitosan nanoparticles loaded with
indole-3-acetic acid (IAA) 149–183 nm

CNPs-IAA can be applied to the hydroponic crop of
crocantela variety Latuca sativa L. and has beneficial effects
on plant growth, increasing the number of lettuce leaves by

30.9% [140].

3.3.3. Nano-Assisted Harvesting Technology

Plant secondary metabolites are synthesized and accumulated in plant cells, but
traditional recovery methods generally dry plant tissues, which is destructive to the tissue.
In addition to destroying expensive transgenic plant cell cultures, the activity of unstable
biomolecules may be lost during the solvent extraction process, resulting in reduced
yields [141]. Nano-harvesting refers to the use of nanoparticles to combine and carry active
molecules away from plant cells. This method can not only obtain secondary metabolites,
but also protect the integrity of the original cells and is a sustainable method for harvesting
metabolites from plant tissues. Engineered mesoporous silica nanoparticles (MSNPs) have
the characteristics of high surface area, unique size, shape, pore structure, and surface
functionalization. Such properties allow MSNPs to be easily modified by specific functional
groups to target binding bioactive materials through cell barriers. Mesoporous silica
nanoparticles designed with an amine function can bind to active substances of flavonoids
and carry them out of the cell [17]. Silica nanoparticles were found to obtain flavonoids
from plant cultures without significant harm to host plants [142]. After the harvest of
nanoparticles, the roots were found to be re-synthesized by regulation [142].

The cellular uptake and excretion mechanisms of MSNPs are important in designing
novel biomolecule separation and delivery applications. Positively charged MSNP particles
have been shown to facilitate penetration into the membranous and cell walls. The amine-
functionalized MSNPs spontaneously entered and exited the plant cells through dynamic
exchange for 20 ± 5 min. Ti-functionalized weakly charged MSNPs were absorbed and
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excreted through a thermal activation mechanism, whereas amine-modified positively
charged particles were absorbed and excreted mainly through direct cell penetration.
Particle size and surface properties (charge) are the two most critical factors for cellular
uptake, but the extent of uptake depends on the type of plant. Excretion mechanisms
depend on the cell type, nanoparticle size, shape, and surface modification, and the surface
charge may be a decisive factor in controlling transport and excretion [17].

The nano-capture of secondary metabolites is a new biotechnology for the separation
and transfer of active biological molecules in living tissues. At present, nano-harvesting
technology is only applied to the capture of flavonoids, but through the modification of
nanomaterials, other active ingredients are also expected to be extracted.

4. Conclusions

The cultivation technology of plant cells, tissues, and organs is a modern biological
means to solve the shortage of medicinal resources and the shortage of wild plant resources.
The ultimate goal of plant tissue culture is to achieve large-scale biomass production and
the accumulation of precious secondary metabolites. The mechanism of plant tissue growth
and development is constantly being updated, and the technology in various fields is
gradually being integrated into tissue culture technology. For example, data-driven mod-
eling technology takes artificial intelligence modeling and optimization algorithm as the
means of prediction, accurately and efficiently analyzes the cultivation conditions, develops
new cultivation methods, and systematically and scientifically optimizes the prediction.
Data-driven modeling is one of the most applicable methods and plays an important role
as a predictive tool for modeling complex biological research. From another aspect, the
amplification of the bioreactor culture and improvement in the dynamic monitoring system
are conducive to the realization of the industrial automatic production of culture. Designing
different bioreactor types will not only help to improve and maintain high productivity,
but also reduce the process costs. Suitable types of reactors should be selected for dif-
ferent cultures. Nanotechnology has been widely used in plant tissue culture. However,
nanotechnology is not limited to the content introduced in this article. Its mode of action
is more extensive and can be applied in various processes of plant tissue culture. The
role of nanomaterials largely depends on their chemical and mineral composition, size,
and sometimes the shape and concentration of application. Technology in various fields
with continuous update, and more innovative ways will be applied to the plant tissue
culture process. In summary, the application of new technologies in intelligent algorithms,
instrument engineering, nanomaterials, and other fields to adapt to the standardization of
commercial applications has had a positive impact on plant tissue culture and the industrial
production of secondary metabolites.
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93. Wang, R.C.C.; Campbell, D.A.; Green, J.R.; Čuperlović-Culf, M. Automatic 1d 1h Nmr Metabolite Quantification for Bioreactor

Monitoring. Metabolites 2021, 11, 157. [CrossRef] [PubMed]
94. Mehendale, N.; Jenne, F.; Joshi, C.; Sharma, S.; Masakapalli, S.K.; MacKinnon, N. A Nuclear Magnetic Resonance (Nmr) Platform

for Real-Time Metabolic Monitoring of Bioprocesses. Molecules 2020, 25, 4675. [CrossRef]
95. Ghormade, V.; Deshpande, M.V.; Paknikar, K.M. Perspectives for Nano-Biotechnology Enabled Protection and Nutrition of Plants.

Biotechnol. Adv. 2011, 29, 792–803. [CrossRef] [PubMed]
96. Lala, S. Nanoparticles as Elicitors and Harvesters of Economically Important Secondary Metabolites in Higher Plants: A Review.

IET Nanobiotechnol. 2021, 15, 28–57. [CrossRef] [PubMed]
97. Santo Pereira, A.E.; Silva, P.M.; Oliveira, J.L.; Oliveira, H.C.; Fraceto, L.F. Chitosan Nanoparticles as Carrier Systems for the Plant

Growth Hormone Gibberellic Acid. Colloids Surf. B Biointerfaces 2017, 150, 141–152. [CrossRef] [PubMed]
98. Nokandeh, S.; Ramezani, M.; Gerami, M. The Physiological and Biochemical Responses to Engineered Green Graphene/Metal

Nanocomposites in Stevia rebaudiana. J. Plant Biochem. Biotechnol. 2021, 30, 579–585. [CrossRef]
99. Ghorbanpour, M.; Hadian, J. Multi-Walled Carbon Nanotubes Stimulate Callus Induction, Secondary Metabolites Biosynthesis

and Antioxidant Capacity in Medicinal Plant Satureja khuzestanica Grown In Vitro. Carbon 2015, 94, 749–759. [CrossRef]
100. Samadi, S.; Saharkhiz, M.J.; Azizi, M.; Samiei, L.; Ghorbanpour, M. Multi-Walled Carbon Nanotubes Stimulate Growth, Redox

Reactions and Biosynthesis of Antioxidant Metabolites in Thymus daenensis Celak. In Vitro. Chemosphere 2020, 249, 126069.
[CrossRef]

101. Rezaei, Z.; Jafarirad, S.; Kosari-Nasab, M. Modulation of Secondary Metabolite Profiles by Biologically Synthesized Mgo/Perlite
Nanocomposites in Melissa officinalis Plant Organ Cultures. J. Hazard. Mater. 2019, 380, 120878. [CrossRef]

102. Torres, F.G.; Troncoso, O.P.; Pisani, A.; Gatto, F.; Bardi, G. Natural Polysaccharide Nanomaterials: An Overview of Their
Immunological Properties. Int. J. Mol. Sci. 2019, 20, 5092. [CrossRef]

103. Soraki, R.K.; Gerami, M.; Ramezani, M. Effect of Graphene/Metal Nanocomposites on the Key Genes Involved in Rosmarinic
Acid Biosynthesis Pathway and Its Accumulation in Melissa Officinalis. BMC Plant Biol. 2021, 21, 260. [CrossRef]

104. Hadi Soltanabad, M.; Bagherieh-Najjar, M.B.; Mianabadi, M. Carnosic Acid Content Increased by Silver Nanoparticle Treatment
in Rosemary (Rosmarinus officinalis L.). Appl. Biochem. Biotechnol. 2020, 191, 482–495. [CrossRef]

105. Nourozi, E.; Hosseini, B.; Maleki, R.; Mandoulakani, B.A. Iron Oxide Nanoparticles: A Novel Elicitor to Enhance Anticancer
Flavonoid Production and Gene Expression in Dracocephalum Kotschyi Hairy-Root Cultures. J. Sci. Food Agric. 2019, 99,
6418–6430. [CrossRef] [PubMed]

106. Asgari-Targhi, G.; Iranbakhsh, A.; Ardebili, Z.O.; Tooski, A.H. Synthesis and Characterization of Chitosan Encapsulated Zinc
Oxide (Zno) Nanocomposite and Its Biological Assessment in Pepper (Capsicum annuum) as an Elicitor for In Vitro Tissue Culture
Applications. Int. J. Biol. Macromol. 2021, 189, 170–182. [CrossRef] [PubMed]

20



Plants 2023, 12, 1505

107. Samadi, S.; Saharkhiz, M.J.; Azizi, M.; Samiei, L.; Karami, A.; Ghorbanpour, M. Single-Wall Carbon Nano Tubes (Swcnts) Penetrate
Thymus daenensis Celak. Plant Cells and Increase Secondary Metabolite Accumulation In Vitro. Ind. Crop. Prod. 2021, 165, 113424.
[CrossRef]

108. Darzian Rostami, A.; Yazdian, F.; Mirjani, R.; Soleimani, M. Effects of Different Graphene-Based Nanomaterials as Elicitors on
Growth and Ganoderic Acid Production by Ganoderma lucidum. Biotechnol. Prog. 2020, 36, e3027. [CrossRef]

109. El-Saber, M.M.; Diab, M.; Hendawey, M.; Farroh, K. Magnetite Nanoparticles Different Sizes Effectiveness on Growth and
Secondary Metabolites in Ginkgo biloba L. Callus. Egypt. J. Chem. 2021, 64, 4523–5432. [CrossRef]

110. Tavakoli, F.; Rafieiolhossaini, M.; Ravash, R. Effects of Peg and Nano-Silica Elicitors on Secondary Metabolites Production in
Crocus sativus L. Russ. J. Plant Physiol. 2021, 68, 931–940. [CrossRef]

111. Shoja, A.A.; Çirak, C.; Ganjeali, A.; Cheniany, M. Stimulation of Phenolic Compounds Accumulation and Antioxidant Activity in
In Vitro Culture of Salvia tebesana Bunge in Response to Nano-Tio2 and Methyl Jasmonate Elicitors. Plant Cell Tissue Organ Cult.
2022, 149, 423–440. [CrossRef]

112. Ebadollahi, R.; Jafarirad, S.; Kosari-Nasab, M.; Mahjouri, S. Effect of Explant Source, Perlite Nanoparticles and Tio2/Perlite
Nanocomposites on Phytochemical Composition of Metabolites in Callus Cultures of Hypericum Perforatum. Sci. Rep. 2019,
9, 12998. [CrossRef]

113. Xu, Z.P.; Zeng, Q.H.; Lu, G.Q.; Yu, A.B. Inorganic Nanoparticles as Carriers for Efficient Cellular Delivery. Chem. Eng. Sci. 2006,
61, 1027–1040. [CrossRef]

114. DeRosa, M.C.; Monreal, C.; Schnitzer, M.; Walsh, R.; Sultan, Y. Nanotechnology in Fertilizers. Nat. Nanotechnol. 2010, 5, 91.
[CrossRef]

115. Kah, M.; Kookana, R.S.; Gogos, A.; Bucheli, T.D. A Critical Evaluation of Nanopesticides and Nanofertilizers against Their
Conventional Analogues. Nat. Nanotechnol. 2018, 13, 677–684. [CrossRef] [PubMed]

116. Xu, Z.P.; Lu, G.Q.M. Layered Double Hydroxide Nanomaterials as Potential Cellular Drug Delivery Agents. Pure Appl. Chem.
2006, 78, 1771–1779. [CrossRef]

117. de Castro, V.A.; Duarte, V.G.O.; Nobre, D.A.C.; Silva, G.H.; Constantino, V.R.L.; Pinto, F.G.; Macedo, W.R.; Tronto, J. Plant Growth
Regulation by Seed Coating with Films of Alginate and Auxin-Intercalated Layered Double Hydroxides. Beilstein J. Nanotechnol.
2020, 11, 1082–1091. [CrossRef] [PubMed]

118. Leong, K.W. Polymeric Controlled Nucleic Acid Delivery. MRS Bull. 2005, 30, 640–646. [CrossRef]
119. Ladewig, K.; Xu, Z.P.; Lu, G.Q. Layered Double Hydroxide Nanoparticles in Gene and Drug Delivery. Expert Opin. Drug Deliv.

2009, 6, 907–922. [CrossRef]
120. Wang, C.; Zhu, H.; Li, N.; Wu, Q.; Wang, S.; Xu, B.; Wang, Y.; Cui, H. Dinotefuran Nano-Pesticide with Enhanced Valid Duration

and Controlled Release Properties Based on a Layered Double Hydroxide Nano-Carrier. Environ. Sci. Nano 2021, 8, 3202–3210.
[CrossRef]

121. Rebitski, E.P.; Darder, M.; Aranda, P. Layered Double Hydroxide/Sepiolite Hybrid Nanoarchitectures for the Controlled Release
of Herbicides. Beilstein J. Nanotechnol. 2019, 10, 1679–1690. [CrossRef]

122. bin Hussein, M.Z.; Zainal, Z.; Yahaya, A.H.; Foo, D.W.V. Controlled Release of a Plant Growth Regulator, A-Naphthaleneacetate
from the Lamella of Zn–Al-Layered Double Hydroxide Nanocomposite. J. Control. Release 2002, 82, 417–427. [CrossRef]

123. Liu, Y.; Song, J.; Jiao, F.; Huang, J. Synthesis, Characterization and Release of a-Naphthaleneacetate from Thin Films Containing
Mg/Al-Layered Double Hydroxide. J. Mol. Struct. 2014, 1064, 100–106. [CrossRef]

124. Hafez, I.H.; Berber, M.R.; Minagawa, K.; Mori, T.; Tanaka, M. Design of a Multifunctional Nanohybrid System of the Phytohormone
Gibberellic Acid Using an Inorganic Layered Double-Hydroxide Material. J. Agric. Food Chem. 2010, 58, 10118–10123. [CrossRef]

125. Li, S.; Shen, Y.; Xiao, M.; Liu, D.; Fan, L. Synthesis and Controlled Release Properties of B-Naphthoxyacetic Acid Intercalated
Mg–Al Layered Double Hydroxides Nanohybrids. Arab. J. Chem. 2019, 12, 2563–2571. [CrossRef]

126. Thomas, S.; Ninan, N.; Mohan, S.; Francis, E. Natural Polymers, Biopolymers, Biomaterials, and Their Composites, Blends, and Ipns;
CRC Press: Boca Raton, FL, USA, 2012.

127. Rafique, A.; Zia, K.M.; Zuber, M.; Tabasum, S.; Rehman, S. Chitosan Functionalized Poly (Vinyl Alcohol) for Prospects Biomedical
and Industrial Applications: A Review. Int. J. Biol. Macromol. 2016, 87, 141–154. [CrossRef] [PubMed]

128. Jiménez-Gómez, C.P.; Cecilia, J.A. Chitosan: A Natural Biopolymer with a Wide and Varied Range of Applications. Molecules
2020, 25, 3981. [CrossRef] [PubMed]

129. Bakshi, P.S.; Selvakumar, D.; Kadirvelu, K.; Kumar, N.S. Chitosan as an Environment Friendly Biomaterial—A Review on Recent
Modifications and Applications. Int. J. Biol. Macromol. 2020, 150, 1072–1083. [CrossRef]

130. Mirheidari, F.; Hatami, M.; Ghorbanpour, M. Effect of Different Concentrations of Iaa, Ga3 and Chitosan Nano-Fiber on Physio-
Morphological Characteristics and Metabolite Contents in Roselle (Hibiscus sabdariffa L.). S. Afr. J. Bot. 2022, 145, 323–333.
[CrossRef]

131. Kadam, P.M.; Prajapati, D.; Kumaraswamy, R.V.; Kumari, S.; Devi, K.A.; Pal, A.; Sharma, S.K.; Saharan, V. Physio-Biochemical
Responses of Wheat Plant Towards Salicylic Acid-Chitosan Nanoparticles. Plant Physiol. Biochem. 2021, 162, 699–705. [CrossRef]

132. Karimi, N.; Shayesteh, L.S.; Ghasmpour, H.; Alavi, M. Effects of Arsenic on Growth, Photosynthetic Activity, and Accumulation
in Two New Hyperaccumulating Populations of Isatis Cappadocica Desv. J. Plant Growth Regul. 2013, 32, 823–830. [CrossRef]

133. Souri, Z.; Karimi, N.; Sarmadi, M.; Rostami, E. Salicylic Acid Nanoparticles (Sanps) Improve Growth and Phytoremediation
Efficiency of Isatis cappadocica Desv., under as Stress. IET Nanobiotechnol. 2017, 11, 650–655. [CrossRef]

21



Plants 2023, 12, 1505

134. Vincekovic, M.; Jalsenjak, N.; Topolovec-Pintaric, S.; Ðermic, E.; Bujan, M.; Juric, S. Encapsulation of Biological and Chemical
Agents for Plant Nutrition and Protection: Chitosan/Alginate Microcapsules Loaded with Copper Cations and Trichoderma
Viride. J. Agric. Food Chem. 2016, 64, 8073–8083. [CrossRef]

135. Perez, J.J.; Francois, N.J.; Maroniche, G.A.; Borrajo, M.P.; Pereyra, M.A.; Creus, C.M. A Novel, Green, Low-Cost Chitosan-Starch
Hydrogel as Potential Delivery System for Plant Growth-Promoting Bacteria. Carbohydr. Polym. 2018, 202, 409–417. [CrossRef]
[PubMed]

136. Aljafree, N.F.A.; Kamari, A. Synthesis, Characterisation and Potential Application of Deoxycholic Acid Carboxymethyl Chitosan
as a Carrier Agent for Rotenone. J. Polym. Res. 2018, 25, 133. [CrossRef]

137. Pereira, A.E.S.; da Silva, P.M.; de Melo, N.F.; Rosa, A.H.; Fraceto, L.F. Alginate/Chitosan Nanoparticles as Sustained Release
System for Plant Hormone Gibberellic Acid. Colloids Surf B Biointerfaces 2017, 150, 141–152. [CrossRef]

138. Kumaraswamy, R.V.; Kumari, S.; Choudhary, R.C.; Sharma, S.S.; Pal, A.; Raliya, R.; Biswas, P.; Saharan, V. Salicylic Acid
Functionalized Chitosan Nanoparticle: A Sustainable Biostimulant for Plant. Int. J. Biol. Macromol. 2019, 123, 59–69. [CrossRef]
[PubMed]

139. Sampedro-Guerrero, J.; Vives-Peris, V.; Gomez-Cadenas, A.; Clausell-Terol, C. Improvement of Salicylic Acid Biological Effect
through Its Encapsulation with Silica or Chitosan. Int. J. Biol. Macromol. 2022, 199, 108–120. [CrossRef] [PubMed]

140. Valderrama, A.; Lay, J.; Flores, Y.; Zavaleta, D.; Delfín, A.R. Factorial Design for Preparing Chitosan Nanoparticles and Its Use for
Loading and Controlled Release of Indole-3-Acetic Acid with Effect on Hydroponic Lettuce Crops. Biocatal. Agric. Biotechnol.
2020, 26, 101640. [CrossRef]

141. Do, B.H.; Ryu, H.-B.; Hoang, P.; Koo, B.-K.; Choe, H. Soluble Prokaryotic Overexpression and Purification of Bioactive Human
Granulocyte Colony-Stimulating Factor by Maltose Binding Protein and Protein Disulfide Isomerase. PLoS ONE 2014, 9, e89906.
[CrossRef]

142. Slowing, I.; Vivero-Escoto, J.; Zhao, Y.; Kandel, K.; Peeraphatdit, C.; Trewyn, B.; Lin, V. Exocytosis of Mesoporous Silica
Nanoparticles from Mammalian Cells: From Asymmetric Cell-to-Cell Transfer to Protein Harvesting. Small 2011, 7, 1526–1532.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

22



Citation: Ji, B.; Xuan, L.; Zhang, Y.;

Zhang, G.; Meng, J.; Mu, W.; Liu, J.;

Paek, K.-Y.; Park, S.-Y.; Wang, J.; et al.

Advances in Biotechnological

Production and Metabolic Regulation

of Astragalus membranaceus. Plants

2023, 12, 1858. https://doi.org/

10.3390/plants12091858

Academic Editor: Mauro Commisso

Received: 12 March 2023

Revised: 13 April 2023

Accepted: 26 April 2023

Published: 30 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Review

Advances in Biotechnological Production and Metabolic
Regulation of Astragalus membranaceus
Baoyu Ji 1,2,†, Liangshuang Xuan 2,†, Yunxiang Zhang 1,†, Guoqi Zhang 1, Jie Meng 1, Wenrong Mu 2, Jingjing Liu 3,

Kee-Yoeup Paek 4, So-Young Park 4, Juan Wang 1,* and Wenyuan Gao 1,*

1 School of Pharmaceutical Science and Technology, Tianjin University, Tianjin 300072, China;
xlpxlp@aliyun.com (B.J.); yunxiang_zhang@tju.edu.cn (Y.Z.); 18768153215@163.com (J.M.)

2 School of Pharmacy, Henan University of Chinese Medicine, Zhengzhou 450046, China;
m18203675687@163.com (L.X.)

3 School of Graduate, Tianjin University of Traditional Chinese Medicine, Tianjin 301617, China
4 Department of Horticultural Science, Chungbuk National University, Cheongju 28644, Republic of Korea
* Correspondence: drwangjuan@tju.edu.cn (J.W.); pharmgao@tju.edu.cn (W.G.)
† These authors contributed equally to this work.

Abstract: Legume medicinal plants Astragalus membranaceus are widely used in the world and have
very important economic value, ecological value, medicinal value, and ornamental value. The bio-
engineering technology of medicinal plants is used in the protection of endangered species, the rapid
propagation of important resources, detoxification, and the improvement of degraded germplasm.
Using bioengineering technology can effectively increase the content of secondary metabolites in
A. membranaceus and improve the probability of solving the problem of medicinal plant resource
shortage. In this review, we focused on biotechnological research into A. membranaceus, such as the
latest advances in tissue culture, including callus, adventitious roots, hairy roots, suspension cells,
etc., the metabolic regulation of chemical compounds in A. membranaceus, and the research progress
on the synthetic biology of astragalosides, including the biosynthesis pathway of astragalosides,
microbial transformation of astragalosides, and metabolic engineering of astragalosides. The review
also looks forward to the new development trend of medicinal plant biotechnology, hoping to provide
a broader development prospect for the in-depth study of medicinal plants.

Keywords: Astragalus membranaceus; biotechnology; tissue culture; metabolic regulation; synthetic
biology

1. Introduction

Astragalus membranaceus is the dry root of Astragalus membranaceus (Fisch.) Bge. var.
mongholicus (Bge.) Hsiao or Astragalus membranaceus (Fisch.) Bge. There are more than
200 kinds of drugs which use A. membranaceus as a raw material. A. membranaceus has
high utilization value, and has been used in food, dietary tonics, medicine, cosmetics
(anti-aging), health care products and so on [1]. There are various chemical compounds
in A. membranaceus, including flavonoids, polysaccharides, saponins, amino acids, sterols,
and alkaloids [2]. The main active ingredients are Astragalus saponin (AST) and calycasin-
7-glycoside (CG). According to scientific research, A. membranaceus has potential clinical
applications for various conditions, such as heart failure [3], anemia, pneumonia, kid-
ney disease, cancer, diabetes [4], skin problems, and reproductive system problems [5],
improving immune responses [6], osteoporosis prevention and treatment, and radiation
protection [7]. Astragalus saponins have significant medicinal value and can be used to
produce cancer vaccines [8], health products, and cosmetics [9]. More than 50 saponins
have been isolated from Astragalus membranaceus [5]. Astragalosides mainly include astra-
galosides I–IV, isoastragalosides I, II, IV, acetyl astragalosides, and soybean saponins [7].
The Chinese Pharmacopoeia stipulates that the content of astragaloside IV in A. membranaceus
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should not be less than 0.080%, and the content of calycosin-7-glucoside should be more
than 0.020%. It can be seen that the content of astragaloside IV in the A. membranaceus root
is very low.

With the improvement in people’s living standards, the demand for Astragalus mem-
branaceus and Astragalus saponins is increasing at home and abroad [10]. Astragalus saponins
are mainly extracted from A. membranaceus. As one of the most popular herbal medicines in
the world, A. membranaceus is mainly derived from wild and cultivated resources in China.
Wild plants of A. membranaceus are mainly produced in Inner Mongolia, Gansu, Shanxi, and
Ningxia [3]. Wild resources have been over-exploited, seriously damaging the ecological
environment. Cultivated plants are mainly derived from Shanxi Hunyuan, Gansu Longxi,
Inner Mongolia Niuyingzi, and Shaanxi Zizhou [11]. The contents of active substances in
cultivated plants are unstable and vary with changes in environmental conditions. Fur-
thermore, infection, disease and pesticide application have also reduced the quality of
cultivated A. membranaceus. It takes 3~4 years to collect cultivated A. membranaceus [12],
which has increased the scarcity of medicinal plant resources and the probability of extinc-
tion of endangered medicinal plant resources [13,14]. It is of great significance to apply and
develop new biotechnology to supply and replace traditional cultivation methods.

Bioengineering technology has played an important role in solving the problem of
shortages of traditional Chinese medicine resources. The use of cell engineering, genetic
engineering, bioreactor engineering, and biochemical engineering can quickly produce
high-quality seedlings, modify the metabolic pathways of medicinal plants, and obtain
active ingredients more easily, while saving the use of wild medicinal materials, which also
greatly reduces production costs [15].

1.1. Astragalus Tissue Culture

Astragalus originates from the roots of Astragalus membranaceus (Fisch.) Ege. var.
mongholicus (Ege.) Hsiao or Astragalus membranaceus (Fisch.) Ege. Its main chemical
components are saponins and flavonoids. In recent years, plant tissue culture technology
has provided conditions for the resource development of Astragalus membranaceus; see
Table 1.

Table 1. Astragalus plant tissue culture research.

Culture Material Culture Medium Cultivation Conditions Result

Callus

MS + 0.5 mg/L 6-BA +
2 mg/L2.4-D +

0.1 mg/LVC+3% sucrose +
0.7% agar

The culture temperature was
25 ◦C, 24 h dark culture, pH

value was 5.8

The induction rate can reach
100% [16]

Suspension cell

MS + 0.1 mg/L (NAA) +
1.0 mg/L (6- BA) + 1.5% (w/v)
sucrose and 0.8% (w/v) agar

After three weeks, MS +
0.5 mg/L (IAA) + 1.5% (w/v)
sucrose and 0.8% (w/v) agar

Seed germination, callus
induction and subculture

were carried out in a growth
chamber illuminated with

fluorescent light (ca.
1400 mol m−2 s−1) over a

16/8 day and night at
25 ± 2 ◦C

The seedlings developed fragile
callus within 2 weeks [17]

Adventitious root MS +7 mg/L(IBA)+ 30 g/L
sucrose + 7 g/L agar

In dark, at 25 ± 2 ◦C, for
6 weeks of culture

Adventitious roots were
successfully induced [18]

1.1.1. Establishment of Regeneration Plant System of Astragalus

The leaves of Astragalus were explants for callus induction. The induction rate of
the leaves on the MS + 2.0 mg/L 6-BA + 2.0 mg/L NAA medium reached 83.3%, and
the hypocotyl induction rate reached 100% on the MS + 2.0 mg/L 6-BA + 2.0mg/L NAA
medium [19].
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1.1.2. Research Progress on the Culture of Adventitious Roots of Astragalus

The induction of adventitious roots from stem of Astragalus needs callus induction first.
The optimal concentrations of KT (Kinetin) and NAA are 2 mg/L and 1 mg/L, respectively.
The high concentration of NAA can promote an increase in the root number, root length and
number of fibrous roots, but inhibits the root thickness. Therefore, the optimal medium for
inducing adventitious roots from the callus is MS + 2 mg/L KT + 2 mg/L NAA [20].
The adventitious root culture has the highest growth rate by inoculation root length
1.5 cm, inoculation volume 30 g (fresh weight)/bioreactor, and aeration volume 0.1 vvm
(air volume /culture volume/min). The total polysaccharide content of adventitious root is
higher than 1 yr old roots and 3 yr old plants; the total saponins and flavonoids contents
are basically the same as 3-year-old roots and higher than 1-year-old roots [12].

1.1.3. Research Progress of the Hairy Roots Culture of Astragalus

Some researchers have screened the hairy root line AMRRL VI and AMHRL II with
high saponins and isoflavone content, respectively, and optimized the culture temperature
of 27.8 ◦C, inoculation volume of 1.54%, sucrose concentration of 3.24% and culture time
of 36 days [21]. The yield of a 30 L culture of Astragalus hairy roots for 20 days is similar
to a 250 mL and 1 L shake flask culture, but higher than the 10 L bioreactor [22]. Hairy
roots can grow rapidly and have genetic and biochemical stability, high productivity, and
adaptability for large-scale systems [23].

1.1.4. Research Progress on the Culture of Astragalus Suspension Cells

The best explant for the growth of Astragalus suspension cells is the hypocotyl, and
the optimal culture conditions are MS + 1.5 mg/L 2,4-D + 2.0 mg / L 6-BA + 3% sucrose,
pH:5.5–6.0. The initial inoculation volume is 50 g/L, and the subculture inoculation volume
is 37 g/L. The growth characteristics of Astragalus suspension cells have been studied; the
growth period is 25 d. In detail, the first ten days are the lag period, and 11–19 d is the
logarithmic phase. The cell biomass reached its maximum at 19 days, 20–22 days for the
stationary phase, and 23–25 days for the decay period. The cell growth curve was drawn.
This was the first time that the Astragalus cell suspension system has been established.
The growth curve of the suspension cell culture was nearly an “s” shape, and its growth
cycle was about 14 days. The best harvest time for the cell culture to produce Astragalus
polysaccharides, saponins and flavonoids was the 15th day [24].

1.1.5. Culture of Astragalus Protoplasts

The preparation of protoplasts of Astragalus leaves is far easier for Astragalus callus,
and it can obtain a large number of highly viable protoplasts. In this method, the explant can
be hydrolyzed by a mixed enzyme of 2% cellulase + 0.5% hemicellulose + 0.5% pectinase for
12 h. Then, the high-quality Astragalus protoplasts will be separated more efficiently [25].

1.2. Astragalus Metabolism Control Research

Plants and plant cells, tissues and organs in vitro, with physiological and morphologi-
cal responses to microbial, physical, and chemical factors, are called elicitors. Arousal is the
process by which plants induce or enhance the synthesis of secondary metabolites to ensure
their persistence and competitiveness [26]. The application of elicitors is the focus of current
research, and has been considered as one of the most effective methods to improve the
synthesis of secondary metabolites in medicinal plants [27]. At present, some hypotheses
about the mechanisms of the elicitor-promoting plant secondary metabolism have been
raised. As an exogenous signal, an elicitor can cause the recognition of receptor sites on the
plant cell membrane. The combination of the two causes physiological and biochemical
chain reactions in the cell membrane and in the cell, which changes the permeability of the
cell membrane to specific molecules, and changes the chemical signal molecules, enzyme
activity, and gene expression, which are related to the synthesis of secondary metabolites.
All of these will eventually lead to the synthesis and accumulation of active ingredients [28].
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The elicitor can be a compound that stimulates any type of physiological abnormality in
plants [29].

Elicitors can be divided into abiotic types, which are compounds that stimulate any
type of physiological abnormality in plants [26], physical induction, such as trauma, water-
logging, high temperature, light, etc., and biological type (bacteria, fungi and their extracts,
such as Saccharomyces cerevisiae, Pichia pastoris, chitosan, cell wall polysaccharides, and plant
endophytes) [27].

For a study on the metabolism control of Astragalus, see Table 2. The effects of inducing
factors on the secondary metabolites of Astragalus are shown in Table 3.

Table 2. Study on metabolism control of Astragalus.

Culture Material
Activity

Component
Influence Factor Metabolic Regulation Result

Suspension cells PAL Activity and Total
Phenol

Yeast extract (10 g/L) was
added for 36 h on the 13th

day of culture

PAL activity induced by
yeast extract was

positively correlated with
total phenol accumulation

Increased PAL activity and
total phenol content [30]

Astragalus Astragalus saponin —
HMGR, FPS, SE, and CAS

are the main regulatory
genes

Regulated the synthesis of
Astragalus saponin [31]

Hairy roots Saponins and Isoflavone

Regulation of Methyl
Jasmonate (MJ),

Acetylsalicylic Acid (ASA)
and Salicylic Acid (SA)

MVD, IDI, FPS, SS, CHI,
IFS

It is revealed that MVD, IDI,
FPS and SS are key enzyme
genes that MJ induces and
which regulate the saponin

biosynthesis pathway
CHI and IFS are the key
factors of the isoflavone

biosynthesis pathway [21]

Astragalus CycloAstragalus phenol
and Astragalus phenol Endophytic fungi —

Endophytic fungi were found
to transform sapogenins

(Cycloenosterol and Astragalus
cresol) [23]

Hairy roots of
Astragalus

ASTS, MAO
rhzomorphand CG

100 μM methyl jasmonate
(MeJA) treatment

2127 genes were
up-regulated by MeJA and

1247 genes were
down-regulated by MeJA

The accumulation of ASTS,
MAO rhizomorph and CG in
hairy roots treated with MeJA

increased significantly [32]

Astragalus Genistein -7-O-β-D-
glucoside (CGs)

Low temperature stress,
light dependence

CHS, CHR, CHI, IFS, and
I3’H PAL1, C4H

Temperature fluctuations
up-regulated the transcription
of CHS, CHR, CHI, IFS, and

I3’H, but had different effects
on the transcription of PAL1

and C4H of phenylpropanoid
pathway in leaves [33]

Hairy roots Hairy cephalosporins (CA)
and formononetin (FO)

AMHRCs were
co-cultured with

immobilized aspergillus
niger (IAN) for 54 h

—

The CA and FO biosynthetic
pathway gene expression was

significantly up-regulated,
thereby increasing the

production of CA and FO [34]

Root Isoflavone
After 10 days of UV-B
treatment (λ = 313 nm,

804 j/m)
—

UV-B radiation significantly
induced isoflavone synthesis

[35]

Hairy roots Isoflavone
Ultraviolet light (UV-A,

UV-B and UV-C)
irradiation

PAL, C4H

86.4 kJ/m (2) UV-B
upregulated the transcription

and expression of all genes
involved in the isoflavone
biosynthesis pathway of

AMHRCs [36]
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Table 3. Effect of Inducer on Secondary Metabolites of Astragalus.

Culture Material Active Ingredient Influence Factor Increase Multiples

Astragalus adventitious roots Calycosin isoflavone
glycoside

Hydrogen peroxide, the
L-phenylalanine

The culture treated with
hydrogen peroxide and

L-phenylalanine was 8.6 times
higher than that treated with
hydrogen peroxide alone [37]

Astragalus adventitious roots Calycosin isoflavone
glycoside

Drought stress, methyl
jasmonate, and

L-phenylalanine

The three combinations
induced the highest CG

content, 3.12 times higher than
that of the field plants [18]

Astragalus hair root
Astragalus saponin I,

Astragalus saponin and
Astragalus methyside

Methyl jasmonate
It reached 2.98, 2.85, 2.30, and
1.57 times in the control group,

respectively [32]

Astragalus hair root Astragalus methylside Chitosan It was 2.1 times higher than
that in the control group [38]

1.2.1. Astragalus Saponins

In order to increase the production of astragaloside IV (AGIV) in hairy root cultures
(AMHRCs) of Astragalus, a new method combining deacetylated biocatalysis and the
induction of immobilized penicillium canescens (IPC) was proposed. The AMHRCs and
IPC were co-cultured for 60 h, and the content of AGIV was 14.59 times higher than the
control group. In addition, under the induction of IPC, the expression of AGIV biosynthetic
pathway-related genes was significantly up-regulated. This method provides an effective
and sustainable approach for the large-scale production of AGIV [39]. The accumulation of
Astragalus metabolic components is affected by many factors. Yeast extract (10g/L) was
added on the 13th day of the Astragalus suspension cell culture. The PAL activity was
upregulated after 36h, and the total phenol content reached the maximum after 48 h. The
maximum PAL activity and total phenol content were 2.88 times and 2.12 times higher than
the control, respectively. Therefore, the PAL activity induced by yeast extract was positively
correlated with the accumulation of total phenols. It is believed that after adding yeast
extract, the early defense response of Astragalus cells to biological and abiotic environmental
stressors is up-regulated. Therefore, the phenolic branch of secondary metabolism is up-
regulated [30]. Hexanal can significantly affect the growth of the Astragalus adventitious
root at solid culture condition, 10 μmol/L n-hexanal has an inhibitory effect, and 50 μmol/L
has a promoting effect; 50 μmol/L n-hexanal in a liquid culture system can promote the
synthesis of saponins in Astragalus adventitious roots [40].

Methyl jasmonate (MJ), acetylsalicylic acid (ASA) and salicylic acid (SA) can be used
to induce and regulate the biosynthesis of saponins and isoflavones in the hairy root of
Astragalus. Under the condition of an MJ concentration of 157.4 μM and an induction time
of 18.4 h, the total saponin yield was 2.07 times that of the control. It was also revealed
that MVD, IDI, FPS, and SS are the key enzyme genes in the pathway of MJ-induced
regulation of astragaloside biosynthesis [21]. To study the response of the hairy root of
Astragalus to 100 μM methyl jasmonate (MeJA), DESeq analysis showed that 2127 genes
were up-regulated and 1247 genes were down-regulated, and among the 2,127 up-regulated
genes 17 were new astragaloside biosynthesis genes and 7 were isolated new genes for the
biosynthesis of isoflavones and isoflavone glucoside-7-O-β-D-glucoside. The accumulation
of ASTS, Mucor, and CG in the hairy roots treated with MeJA increased significantly [32].

Exogenous transcription factors also have a regulatory effect on the synthesis of as-
tragalosides. Li et al. (2022) [41] found that Arabidopsis MYB12, anthocyanin pigment
1 (PAP1), and maize leaf color (LC) transcription factors had regulatory effects on the
synthesis of astragaloside metabolites. The overexpression of LC led to the accumulation
of astragaloside I-IV. The accumulation of astragaloside I and IV was higher. The overex-
pression of MYB12 increased the accumulation of astragaloside I in transgenic hairy roots,
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followed by astragaloside IV. The overexpression of PAP1 increased the synthesis of astra-
galoside I and IV. Several key genes in the biosynthesis pathway of valeric acid, especially
3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR1, HMGR2 and HMGR3), were
differentially up-regulated in response to these transcription factors, which could lead to
the synthesis of astragaloside IV in the hairy roots of membranous Astragalus membranaceus.

Real-time fluorescence quantitative PCR analysis of eight key enzymes in the synthetic
pathway of astragaloside acetyl-CoA acetyltransferase(AATC), 3-hydroxy-3-methylglutaryl-
CoA synthase (HMGS), 3-hydroxy-3-Methylglutaryl coenzyme A reductase (HMGR), iso-
prene pyrophosphate isomerase (IDI), farnesyl pyrophosphate synthase (FPS), squalene
synthase (SS), squalene epoxy Enzyme (SE), and Cycloaltinane synthase (CAS) gene ex-
pression levels, found that in HMGR, FPS, SE, and CAS genes under the water regulation
of Astragalus saponins content, the regulation effect was obviously the main regulatory
gene [31]. Real-time quantitative polymerase chain reaction (QRT-PCR) technology was
used to study the expression levels of genes related to the AST biosynthetic pathway in
Astragalus plant seedling roots (SRS), adventitious roots (ARs), and hairy roots (HRs). It was
found that genes involved in the AST biosynthetic pathway had the lowest transcription
levels in ARs, and showed similar patterns in HRs and SRs. ARs and CG had higher pheny-
lalanine concentrations, and phenylalanine was the predecessor of the phenylpropane
biosynthesis pathway [42]. Therefore, both biological and abiotic factors can affect the
metabolic regulation of the active ingredient of Astragalus.

1.2.2. Astragalus Flavone

Isoflavonoid and Calycosin-7-glucoside (CGs) are accumulated in the whole plant of
Astragalus, and mainly concentrated in the leaves. It was found that after 10 days of the UV-
B treatment of Astragalus root, the change in isoflavone content in the Astragalus root was
positively correlated with the expression of isoflavone biosynthesis related genes, and UV-B
radiation significantly induced the isoflavone synthesis, which also provided a feasible
heuristic strategy for understanding the accumulation of isoflavones in Astragalus [35].
Using ultraviolet light (UV-A, UV-B and UV-C) to promote the accumulation of isoflavones
in AMHRCs, it was found that 86.4 kJ/m (2) UV-B had the best effect of promoting the
production of isoflavones in AMHRCs at 34d. UV-B up-regulated the transcriptional
expression of all genes involved in the isoflavone biosynthesis pathway. According to the
results, PAL and C4H are two potential key genes that control isoflavone biosynthesis [36].
Using MJ, ASA, and SA signaling molecules to induce and regulate the biosynthesis of
isoflavone secondary metabolic active components in Astragalus hairy roots, it was found
that the yield of total isoflavones with an MJ concentration of 283 μM and induction
time of 33.75 h was 9.71 times that of the blank control group. It was also revealed
that CHI and IFS are the key enzyme genes in the pathway of MJ-induced regulation of
Astragalus isoflavone biosynthesis [21]. Astragalus hairy root cultures (AMHRCs) were
co-cultured with immobilized food-grade fungi to increase the production of trichomes
(CA) and formononetin (FO), and 34-day-old AMHRCs were immobilized with immobilized
Aspergillus niger (IAN) for 54 h of co-cultivation. In the highest accumulation of CA and FO,
IAN induction can promote the generation of endogenous signaling molecules involved in
plant defense responses, resulting in the significant upregulation of CA and FO biosynthetic
pathway gene expressions, thereby increasing the production of CA and FO [34].

By studying the changes in CGs content and the expression of related genes un-
der different conditions, including phenylalanine ammonia lyase (PAL1), cinnamic acid
4-hydroxylase (C4H), chalcone synthase (CHS), chalcone reductase (CHR), chalcone iso-
merase (CHI), isoflavone synthase (IFS), and isoflavone 3’-hydroxylase (I3’H) expression,
the effects of different conditions on CGs biosynthesis were found. These seven genes’
expression levels showed a light-dependent manner under low temperature stress, but they
showed different expression patterns when Astragalus plants were transferred from 16 ◦C
to 2 ◦C or 25 ◦C or 2 ◦C (maintained for 24 h) to 25 ◦C. There were different effects on the
transcription of PAL1 and C4H in the phenylpropanoid pathway in leaves. The expression
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of PAL1 changed markedly, which was consistent with the change in CGs content. PAL
enzyme activity seemed to be the limiting factor in determining CGs levels. The PAL
enzyme inhibitor L-alpha-aminooxy-beta-phenylpropionic acid almost completely blocked
the accumulation of CGs at low temperatures. This confirmed that PAL1, as an intelligent
gene switch, directly controls the accumulation of CGs in a light-dependent manner during
low temperature treatment [33]. PAL may be a key point for flux into flavonoid biosynthesis
in the genetic control of secondary metabolisms in Astragalus Mongholicus [43]. A new
AmCHR gene was cloned from Astragalus, which is a new member of the CHR gene family.
It is speculated that the expression of AmCHR is closely related to the accumulation of
isoflavone glucoside in Astragalus [44]. Chalcone synthase (CHS) is a key enzyme and
rate-limiting enzyme for the biosynthesis of flavonoids. The AnCHS gene was cloned from
Astragalus, and proved that the expression of AnCHS and the accumulation of Astragalus
isoflavones are closely related [45].

1.2.3. Astragalus Polysaccharide

Astragalus polysaccharide is the main component of Astragalus, which is composed of
hexuronic acid, glucose, fructose, rhamnose, arabinose, galacturonic acid, and glucuronic
acid, etc. It can be used as an immune promoter or regulator, and has anti-virus, anti-
tumor, anti-aging, anti-radiation, anti-stress, and anti-oxidation effects, among others. The
pathway of secondary metabolite biosynthesis can be explained by the identification of
candidate genes and important regulatory factors. The best inducer for screening the Astra-
galus polysaccharide metabolic pathway is silver nitrate solution, the best treatment site
is the underground part, the best treatment time is 6–9 days, and the best polysaccharide
content change detection site is the Astragalus root; 36 unigenes were found in the metabolic
pathway of the polysaccharides metabolized [46]. Studies have found that methyl jas-
monate, salicylic acid, IAA, and NAA promote the accumulation of Astragalus hairy root
polysaccharides and total saponins, and IBA and 2.4-D have a negative effect on the accu-
mulation of Astragalus hairy root polysaccharides and total saponins [47]. This provides
theoretical guidance and technical support for regulating secondary metabolic pathways
and increasing the content of Astragalus secondary metabolites by genetic engineering.

The study on the regulation of secondary metabolites of Astragalus is shown in Figure 1.

Figure 1. Study on the regulation of secondary metabolites of Astragalus. Note: The blue boxes
represent biological and abiotic elicitors, the pink boxes represent genes, and the brown boxes
represent secondary metabolite types.
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3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR), farnesyl pyrophosphate
synthase (FPS), squalene epoxy enzyme (SE), cycloaltinane synthase (CAS), methyl jas-
monate(MJ), salicylic acid(SA), chalcone synthase (CHS), chalcone Reductase (CHR), chal-
cone isomerase (CHI), isoflavone synthase (IFS) and isoflavone 3’-hydroxylase (I3’H),
phenylalanine ammonia (PAL), cinnamic acid 4-hydroxylase (C4H), farnesyl pyrophos-
phate synthase (FPS), squalene synthase (SS), isoprene pyrophosphate isomerase (IDI),
mevalonate-5-diphosphate decarboxylase (MVD).

1.3. Research Progress on Synthetic Biological Pathways of Astragalosides
1.3.1. Research Progress on the Biosynthesis Pathway of Astragalosides

Astragalosides are the main active ingredient of Astragalus; they belong to triter-
penoid saponins and are extremely important secondary metabolites in Astragalus. They
are similar to the biosynthesis of other triterpenoid saponins. The biosynthetic pathway
of astragalosides in plants includes the mevalonate (MVA) pathway and the 2-C-methl-
D-erythritol-4-phospate (MEP) pathway. These two pathways ultimately produce the
precursor isopentenyl pyrophosphate (IPP). IPP is catalyzed by farnesyl pyrophosphate
synthase (FPS) to produce farnesyl diphosphate (FPP), FPP is catalyzed by squalene syn-
thase (SS) to produce squalene, squalene is catalyzed by squalene epoxidase (SE) to produce
2,3-oxidosqualene, OS), and 2,3-oxidosqualene is catalyzed by cycloartenol synthase (CAS)
to produce cycloartenol, which is the precursor of triterpene saponins. The cycloastragenol
biosynthesis pathway can be seen in Figure 2. The functions of cytochrome P450 (CYP450),
glycosyltransferases, and other genes required for the downstream synthesis pathway of
astragalosides are being analyzed [48].

Figure 2. Cycloastragenol biosynthesis pathway. Note: The blue part represents the resolved pathway,
and the orange and purple parts represent the speculative pathway.The red dotted line represents the
speculative path.
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Cycloartenol synthase (CAS) has a typical 9, 19—cyclopropane moiety. Astragalosides
are gradually generated by cycloastragenol-type saponins in the downstream pathway.
Cycloastragenol, which was further synthesized from cycloartenol, has a 20, 24-epoxy ring,
and C6, C16, and C25 hydroxyl groups. Then, structurally diverse glycosides synthesize
different astragalosides through a variety of glycosylation modes. This includes xylose,
glucose, and glycosyl parts of single-chain, double-chain, triple-chain, or branched chains.
The sites of action are 3-OH, 6-OH, 25-OH, and 20-OH. CAS converts the 2,3-oxidosqualene
skeleton into a chair–boat–chair conformation, and then several specific CYP450s may cat-
alyze the conversion of cycloartenol into cycloastragenol. CYP450 constitutes an important,
highly differentiated sequence superfamily, which can be divided into 10 families. In these
families, the CYP72 family is involved in the catabolism of isoprenoid hormones. The
CYP71 family modified shikimic acid products and intermediates. The CYP85 family is
involved in the modification of cyclic terpenes and sterols in the brassinolide pathway.
Further studies have identified CYP93E1 from Leguminosae (CYP71 family) and CYP88D6
from Glycyrrhiza (CYP85 family), both of which are involved in the biosynthesis of saponins.
Therefore, CYP71, CYP72, and CYP85 families may be involved in the biosynthesis of
astragalosides [49].

Chen et al. (2023) [50] found that AmOSC3 is acycloartenol synthase expressed in both
aerial and underground parts. It is related to the synthesis ofastragalosides (cycloartane-
type) in the roots. Jing Chen et al. [49] found a high-quality CAS transcript by transcriptome
analysis of A.mongholicus, and detected 22 CYP450s related to the synthesis pathway of
astragalosides. Seven transcripts belong to the CYP71 family (P57867.0, P5215.0, P7366.0,
P50274.0, P26377.0, P71378.0, and P60800.0). One transcript belongs to the CYP72 family
(P71249.0). Nine transcripts belong to the CYP85 family (P52746.0, P50482.0, P60763.0,
P51105.0, P65633.0, P32417.0, P69412.0, P69412.2, and P43338.0). In addition, 25 UGT
genes were detected to be related to the downstream synthesis pathway of astragaloside.
Liu Lu et al. [51], based on transcriptome data, screened fourteen CYP450 genes with
up-regulated expression, of which nine genes, four genes, and one gene were relatively
highly expressed in roots, leaves, and stems, respectively. Duan et al. (2023) [52] found,
for the first time, that AmCAS1 (a cycloartenol synthase) can catalyze the conversion of
2,3-oxidosqualene to cycloartenol, by transcriptome and phylogenetic analysis. Four gly-
cosyltransferases were screened out, which were AmUGT15, AmUGT14, AmUGT13, and
AmUGT7. They can catalyze the biosynthesis of cycloastragenol saponins, and the catalytic
functions are 3-O-xylosylation, 3-O-glucosylation, 25-O-glucosylation/25-O-xylosylation,
and 20-O-glucosylation, respectively. Among them, AmUGT15 can catalyze the conver-
sion of cycloastragenol-6-O-D-glucoside to astragaloside IV or catalyze cycloastragenol
into cycloastragenol-3-O-D-xyloseside; AmUGT13 can catalyze the conversion of astra-
galoside IV to Astragaloside VII or cycloastragenol-3-O-D-xylside to isostragaloside IV;
AmUGT7 catalyzes the conversion of cycloastragenol-3-O-D-glucoside to cycloaraloside;
and AmUGT14 can catalyze the conversion of cycloastragenol to cycloastragenol-3-O-D-
glucoside. The Astragaloside biosynthesis pathway can be seen in Figure 3.

1.3.2. Astragalus Saponin Metabolism Engineering Research

A pair of special primers were designed with the cloned starch grains and starch
synthase (GBSS) gene sequence from the hairy roots of Astragalus to construct the expression
vector PbI-GBSS. It was confirmed that the enzyme activity of GBSS gene-transformed
Escherichia coli was 20% higher than that of the untransformed strain [53]. The total RNA of
Astragalus leaves was extracted by reverse transcription to synthesize cDNA, which was
cloned into pPIC9K by in vitro homologous recombination technology to construct the
pPIC9K-PAL expression vector. Then, it was transformed into Pichia pastoris GS115 to obtain
a relatively pure phenylpropane amino acid ammonia lyase. The content of phenylalanine
ammonia lyase after purification accounted for 11.54% of the total protein, and the highest
specific activity reached 4270 U/mg [54]. At present, there has not been much research on
the synthetic biology of Astragalus, which still needs to be explored continuously.
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Figure 3. Astragaloside biosynthesis pathway. Note: The blue part represents different glycosyl
groups, the pink, green and orange parts represent different glycosyltransferases. The red dotted line
represents the speculative path.

1.3.3. Biotransformation of Astragalosides

The biotransformation methods of astragalosides include microbial transformation and
enzymatic hydrolysis. In recent years, the biotransformation of cycloastragenol saponins
has achieved many research results.

Microbial Transformation

The microbial transformation of astragalosides mainly uses enzymes in microorgan-
isms to convert raw materials into required target products through complex and special
metabolic pathways. Fungi are commonly used microorganisms for the biotransformation
of astragalosides. Eight different yeast strains, such as Aspergillus niger, Aspergillus oryzae
and white rot fungi, were selected for the biotransformation of astragaloside IV. It was
found that Aspergillus niger had the strongest biotransformation activity. After transforma-
tion, the content of astragaloside IV increased by 10.7 times and reached 2.326 mg/g [55].
Li Ye [56] selected the strain Absidia corymbifera AS2 to transform astragalosides to ASI.
This strain enhanced ASI production approximately fourfold when cultures were supple-
mented with 5 g/L of crude. Bedir et al., (2015) [57] studied the microbial transformation
of Astragalus derived sapogenins, namely, Cycloastragenol, astragenol, and Cyclocanthogenol,
by Cunninghamella blakesleeana NRRL 1369 and Glomerella fusarioides ATCC 9552. The
unique enzyme system of both fungi resulted in hydroxylation, cyclization, dehydrogena-
tion, and oxidation reactions. Under the deacetylation of fungal endophyte Penicillium
canescens, which were isolated from pigeon pea, a novel and highly efficient biotransforma-
tion method of astragalosides to astragaloside IV in Radix Astragali was investigated [51].
Meng et al.(2018) [53] studied the biotransformation characteristics of astragaloside compo-
nents in human intestinal flora and obtained four products and determined their structures:
astragaloside I (AS-I), astragaloside II (AS-II), astragaloside III (AS-III), and astragaloside A
(AS-IV). A novel biotechnology approach of combining deacetylation biocatalysis with the
elicitation of IPC in Astragalus membranaceus hairy root cultures (AMHRCs) was proposed
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for the elevated production of astragaloside IV (AG IV). The highest AG IV accumulation
was achieved in 36-day-old AMHRCs co-cultured with IPC for 60 h, which resulted in
the enhanced production of AG IV by 14.59-fold in comparison with that in the control
(0.193 ± 0.007 mg/g DW).

Enzymolysis

The most commonly used enzymes are β-glucosidase and β-xylosidase. Commer-
cial β-glucosidase can hydrolyze astragaloside IV into cycloastragenol-6-O-β-D-glucoside;
β-Glucosidases and β-xylosidases are two categories of enzymes that could cleave out
nonreducing, terminal β-D-glucosyl and β-D-xylosyl residues with the release of D-glucose
and Dxylose [58]. Qi Li et al.(2019) [58] used the purified thermostable and sugar-tolerant
enzymes from Dictyoglomus thermophilum to hydrolyze ASI synergistically, which provided
a specific, environmentally friendly and cost-effective way to produce CAG. An acetyl
esterase from A. corymbifera AS2 was purified and its catalytic pathways were investigated,
which showed unique enzymatic characteristics and enabled the clarification of the bio-
transformation pathways of astragalosides [59]. A novel β-glucosidase from Phycicoccus sp.
Soil748 (Bgps) was discovered, possessing the efficient conversion rate for cycloastragenol-
6-O-β-D-glucoside (CMG) into Cycloastragenol (CA). The optimum temperature and pH
value of Bgps were determined as 45 ◦C and 7.0 [60]. It can be seen that the strains with
high conversion efficiency were excavated from a variety of microorganisms, and the highly
specific and efficient enzymes were isolated and purified. After large-scale expression
in vitro, the development of commercial invertase is helpful for large-scale production [48].

2. Conclusions

As the leading industry in the world today, bioengineering technology has a high
utilization rate in many industries such as medicine, agriculture, the chemical industry,
and food. It has a significant role in promoting economic development, and also provides
valuable technology for the development of medicine and information resources. Using
bioengineering technology to produce medicinal plant active ingredients is an effective
way to solve the problem of Chinese medicine resource shortages. With the development
of synthetic biology, metabolic engineering, and protein engineering, the application of
new bioengineering technology for medicinal plant resources’ reasonable utilization and in-
depth development has great development potential. Based on the traditional literature and
modern biotechnology research, this article summarizes the tissue culture and metabolic
regulation of active ingredients and the synthetic biology of Astragalus.

However, the synthesis mechanisms of some biologically active ingredients are still
unclear, and there is a lack of information on the biosynthetic pathways and the complex
regulatory mechanisms of the biosynthesis of target compounds. There are still key steps
in the biosynthetic pathways of cycloastragenol and astragaloside IV that have not been
resolved, which also thwarts the biosynthesis process of astragaloside. It can be seen
that the metabolic pathways of secondary metabolites are still in need of a breakthrough
in biotechnology research. Therefore, it is urgent to conduct more in-depth studies on
these active ingredients and study new biotechnology. Clarifying medicinal value and
supporting the further development of new products will be the focus of future research.
This paper is helpful for the further study of the production and biotechnology of effective
components in A. membranaceus.
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Abstract: The use of in vitro tissue culture for herbal medicines has been recognized as a valuable
source of botanical secondary metabolites. The tissue culture of ginseng species is used in the
production of bioactive compounds such as phenolics, polysaccharides, and especially ginsenosides,
which are utilized in the food, cosmetics, and pharmaceutical industries. This review paper focuses
on the in vitro culture of Panax ginseng and accumulation of ginsenosides. In vitro culture has been
applied to study organogenesis and biomass culture, and is involved in direct organogenesis for
rooting and shooting from explants and in indirect morphogenesis for somatic embryogenesis via
the callus, which is a mass of disorganized cells. Biomass production was conducted with different
types of tissue cultures, such as adventitious roots, cell suspension, and hairy roots, and subsequently
on a large scale in a bioreactor. This review provides the cumulative knowledge of biotechnological
methods to increase the ginsenoside resources of P. ginseng. In addition, ginsenosides are summarized
at enhanced levels of activity and content with elicitor treatment, together with perspectives of new
breeding tools which can be developed in P. ginseng in the future.

Keywords: P. ginseng; in vitro tissue culture; ginsenosides accumulation; ginseng breeding

1. Introduction

Panax species, commonly referred as ginseng, which belong to the Araliaceae family,
are slow-growing perennial herbal medicines with adaptive properties [1]. The word ‘Panax’
comes from the Greek word ‘pan’ (all) and ‘zxos’ (treatment of medicine), which means
cure-all [2]. There are 15 species in the Panax genus, and they are listed in Table 1 [3,4].
Among these, there are three commonly used commercial ginseng species, including Panax.
ginseng, P. quinquefolius, and P. notoginseng [5]. Most of the secondary compounds, especially
ginsenosides, have been recorded in the roots. They act as tonic agents and stimulants
that have been used in Asian countries for thousands of years, and they are becoming
increasingly popular all over the world [6]. Pharmacological studies have demonstrated
that ginseng species are rich in bioactive compounds such as ginsenosides, polysaccharides,
flavonoids, phenolics, and volatile oils [7]. Among them, ginsenosides are known as the main
bioactive ingredients responsible for the pharmaceutical efficacy of ginseng species [8], such
as their anti-cancer [9], anti-fatigue [10], anti-inflammatory [11] activity and their prevention
of cardiovascular disease [12], obesity [13], and cerebrovascular diseases [14], etc.
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Table 1. Ginseng species.

No. Scientific Name Common Name Rank Cultivation Area

1 P. ginseng C. A. Meyer Korean ginseng, Ginseng Species China, Republic of Korea, Russia
2 P. notoginseng (Burkill) F. H. Chen Chinese ginseng, Sanchi ginseng Species China
3 P. quinquefolius American ginseng Species China, America, Canada
4 P. japonicus C.A. Meyer Japanese ginseng Species China, Japan
5 P. pseudoginseng Wallich Himalayan ginseng Species China, Nepal
6 P. vietnamensis Ha & Grushv Vietnamese ginseng Species China, Vietnam
7 P. stipuleanatus H.T. Tsai & K.M. Feng Not mentioned Species China, Vietnam
8 P. trifolius L. Dwarf ginseng Species America, Canada, Germany
9 P. zingiberensis C.Y. Wu & K.M. Feng Not mentioned Species China, Nepal, Bhutan, Myanmar

10 P. wangianum S.C. Sun Not mentioned Species China
11 P. assamocus R.N. Banerjee Not mentioned Species India
12 P. variabilis J. Wen Not mentioned Species China, India
13 P. omeiensis J. Wen Not mentioned Species Not mentioned
14 P. sinensis J. Wen Not mentioned Species East Himalaya
15 P. shangianus Not mentioned Species Not mentioned

The increasing demand for herbal remedies has escalated the market value of ginseng
species, but it has also created huge challenges for industries and governments to standard-
ize and regulate plant-derived natural products to ensure consumer safety [15]. To address
these issues, good standardized guidelines of agricultural cultivation should be established.
For example, the Government of Canada established the Natural Health Products Direc-
torate (NHPD) to enact the new legislation (JUS-601727) to govern the manufacture and
marketing of natural health products [16].

However, the prolonged cultivation period, susceptibility to pathogens and replant
diseases, limited availability of arable land, and labor-intensive cultivation practices have
impeded farmers from meeting the growing market demand [15]. Moreover, the use of
pesticides and the fluctuating environmental conditions resulting from global warming
have compelled researchers and plant scientists to explore alternative methods to meet the
demands of a rapidly increasing population [17]. Traditionally, there are two sources for
obtaining ginseng species, one of which involves harvesting wild ginseng species. However,
due to the over-exploitation of wild ginseng species and the destruction of arable land for
growing ginseng species, the amount of wild ginseng is decreasing [18]. Another origin
of ginseng species supply is to grow it in fields or forests, which is a time-consuming and
labor-intensive process [19]. Furthermore, replanting disease will also result from intensive
replanting, where replanting a second time in the same place will often lead to failure [20].
For these reasons, ginseng is becoming increasingly difficult to obtain and more expensive.

To address the above problems, tissue culture approaches have developed rapidly
in recent years to produce bioactive compounds with high content and activities that not
only have health-promoting properties but also significantly alter natural sources. The
first attempt at plant cell cultivation was by the Austrian botanist Haberlandt in 1902, who
isolated plant cells and cultivated them outside the whole plant [21]. The successful devel-
opment of a nutrient medium by Murashige and Skoog in 1962, commonly known as MS
medium, has remained in use, with minor adjustments [22]. The introduction of this specific
nutrient medium, along with a range of plant growth regulators (PGRs), has significantly
revolutionized the field of plant tissue culture research, leading to its successful integration
as a viable commercial venture offering numerous advantages and possibilities. Multiple
investigations have subsequently demonstrated that undifferentiated plant cells, such as
calluses and cell suspensions, can be a valuable resource for producing identical secondary
metabolites found in naturally occurring plants. It represents a significant advancement
in plant research, over a century after Haberlandt’s initial attempts in the field [23]. Plant
tissue culture technology is helpful for plant transformation, clonal propagation, breeding,
and protection of pharmaceutical plants and crops. Figure 1 describes the history and
establishment of ginseng species’ in vitro plant tissue culture [24–30].
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Figure 1. History of in vitro plant tissue culture of ginseng species. Note: This figure shows the
in vitro cultivation of ginseng species from 1967 to present.

Recent research shows that in vitro tissue culture methods produce ginsenosides success-
fully from P. ginseng [31]. Therefore, this review summarizes the in vitro tissue culture methods
on P. ginseng, which include direct root and shoot induction organogenesis without the formation
of callus and indirect organogenesis from callus for further embryogenesis. In addition, in vitro
biotechnological methods for ginsenosides accumulation include adventitious roots culture, cell
suspension culture, hairy root culture, and bioreactor culture for large-scale propagation, which
are also discussed, as depicted in Figure 2. Furthermore, this review discusses specific plant
breeding methods that open new opportunities for ginseng breeding activities.

Figure 2. A summary of the standard procedures of P. ginseng’s in vitro culture methods and ways to
increase ginsenosides accumulation. Note: The direct and indirect organogenesis methods can obtain
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the in vitro culture of P. ginseng. Likewise, the accumulation of ginsenosides can be acquired through the
adventitious roots, cell suspension, and hairy root cultures. In addition, the large-scale culture in bioreactors
treated with biotic and abiotic elicitors also increases the biomass and the ginsenosides accumulation.

2. In Vitro Culture of P. ginseng Technologies

Tissue culture is classified based on the purpose of the culture and the source of
materials. Several processes were established in P. ginseng based on the organization of
the cells and organs (Figure 3), producing a consistent quality of P. ginseng and promoting
the sustainable application of the species. In addition, under controlled culture conditions,
numerous factors influence the quantity and quality of ginsenosides, such as medium
constituents, pH, light conditions, culture temperature, explants, and abiotic factors.

 

Figure 3. Types of P. ginseng tissue culture. Note: (a) Callus (bar 1 cm) [32], (b) somatic embryos (bar
1 mm) [33], (c) shoots (bar 1 cm) [32], (d) hairy roots (bar 820 μm) [34], (e) cell suspension [35], and
(f) adventitious roots [36].

2.1. Direct Organogenesis of P. ginseng

Direct organogenesis is the induction of roots and shoots directly from explants
without forming a callus. Shoot culture demonstrated genetic stability and the potential
to produce secondary metabolites. However, the research on the direct organogenesis
of ginsenoside production is limited. Among the limited research available, it is vital
to discuss the work of Hee-Young Lee et al., who studied the regeneration of P. ginseng
from embryos obtained from the cultures of anthers. The results from the study indicated
the optimum conditions required for the regeneration of P. ginseng—for example, cold
treatment matters. The highest callus induction rate was achieved when the explants were
cultured post-pretreatment at 4 ◦C.

On the other hand, the findings also report that the application of PGRs also affects
shoot and root production. The shoots and roots can be induced on a medium supple-
mented with Gibberellin A3 (GA3) and 3-Indolebutyric acid (IBA) at the concentration
of 28.9 μM and 14.7 μM, respectively [32]. Another study suggested that supplementing
naphthaleneacetic acid (NAA) and IBA enhances the organogenic potential. Though IBA
attained the highest shoot and root production rates, the roots induced by NAA showed
better growth and were thicker than those of IBA. In addition, the roots induced by NAA
also attained the highest ginsenosides production rates [37].
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2.2. Indirect Organogenesis of P. ginseng

Indirect organogenesis, called callogenesis, is regenerating plantlets from the callus.
The morphology and characteristics of calluses also influence organogenesis and biomass
production. Friable and compact calluses are the two types of callus used in suspension
culture and regeneration research, respectively [38].

2.2.1. Callus Culture

To date, explants, such as roots, stems, seeds, leaves, buds, petioles, anthers, and
hypocotyls, have been used to induce ginseng callus. Among them, the leaves and roots
are the most common ones. Typical callus induction and culture are carried out using
Murashige and Skoog’s (MS) basic medium or Gamborg medium (B5) with 3% sucrose
and various PGRs at different concentrations. Researchers have investigated the effects
of PGRs, among which 2,4-Dichlorophenoxyacetic acid (2,4-D) is the most potent one for
the induction of the callus of many plant species. A summary of callus cultures is given in
Table 2. Generally, the ginseng explants are cultured in the dark at 23 ± 2 ◦C. Wang et al.
successfully induced callus from P. ginseng roots using MS medium supplemented with
2 mg/L of 2,4-D and 0.5 mg/L of Kinetin (KT) [39]. Similarly, Chang et al. [40] induced
callus from ginseng roots using MS medium enriched with 1 mg/L of 2,4-D. However,
the growth of the callus was initially slow, with only 1 cm of elongation in diameter after
ten weeks. Nevertheless, it grew vigorously when the callus was subcultured on a new
medium at 6–8-week intervals. In another study, Liu et al. used 3-year-old fresh ginseng
roots as explants to induce callus on a modified MS medium enriched with 2 ppm of 2,4-D,
0.5 ppm of thidiazuron (TDZ), and 1 g/L of peptone [41]. They also induced another callus
from 2-year-old ginseng roots on MS medium supplemented with 1 mg/L of 2,4-D and
0.1 mg/L of KT, sub-culturing every 15 days. As a result, after six months, they obtained
three types of calluses [42].

Table 2. Callus induction and culture of P. ginseng.

Explants Medium
PGRs

Other Factors Ref.
2,4-D KT

roots MS 2 mg/L 0.5 mg/L [39]
roots MS 1 mg/L [40]
roots MS 2 mg/L 1 g/Lpeptone, 0.5 mg/L TDZ [41]
roots MS 1 mg/L 0.1 mg/L [42]

2.2.2. Somatic Embryogenesis of P. ginseng

Using somatic embryogenesis for propagation allows a quick propagation of the
superior ginseng lines while decreasing the variability commonly associated with seed
propagation. The first and most crucial step in this process is the transition of somatic cells
to embryonic cells. Somatic embryogenesis involves de-differentiating somatic cells into
totipotent embryonic stem cells, which can produce embryos under appropriate in vitro
conditions, ultimately developing into a whole plant [43,44]. Several studies have been
conducted in ginseng to explore and optimize the conditions necessary for successful
somatic embryogenesis [45].

In the next stage, they will develop into a whole plant after somatic embryogenesis. In
P. ginseng, the first observation of somatic embryogenesis was reported in the callus derived
from the roots by Butenko [25]. Since then, the regeneration of plants has been achieved
through somatic embryogenesis using ginseng calluses derived from roots [40,46], zygotic
embryos [47], somatic embryos [48], and protoplasts [49] isolated from somatic embryos
(Table 3). The basic medium provides the nutritional composition and necessary elements
for the growth and development of the explants. Most studies have employed MS medium
for callus formation, proliferation, and somatic embryogenesis. In addition, Schenk and
Hildebrandt medium (SH) and B5 have seldom been used for shoot regeneration and
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embryoid formation [50,51]. The in vitro propagation of somatic embryos in P. ginseng has
been achieved using 2,4-D, KT, and NAA, but their concentrations and combinations vary
depending on the type of explants.

Somatic embryo germination requires either chilling treatment for 8 weeks or GA3
hormone treatment at concentrations over 1.0 mg/L. Ultrastructural observation of cotyle-
don cells showed that without the treatment of chilling or GA3, somatic embryos contained
large amounts of lipid reserves, dense cytoplasm, proplastids, and inactive mitochondria.
Conversely, after chilling or GA3 treatment, the well-developed chloroplasts and func-
tioning mitochondria with multiple cristae were seen in somatic embryos, indicating they
may enter dormancy after maturation, similar to zygotic embryos. Recent studies have
reported over 80% plant survival in hybrid ginseng, achieved by culturing embryos on
GA3-supplemented medium, transferring them to hormone-free 1/2 SH medium, treating
developed taproots with GA3 to break shoot dormancy, and transferring them to the soil.
Therefore, GA3 pretreatment is crucial for successful transplantation [52].

Other factors, such as the salt content of the medium, also play a crucial role in somatic
embryo induction. Choi et al. studied the effects of macrosalt stress on the embryogenesis
of P. ginseng. The results showed that the highest frequency of somatic embryogenesis
was observed on a medium containing 61.8 mM NH4NO3 with a ratio of NH4

+:NO3
− at

21:39. Among the test media, including MS, B5, and SH, the maximum formation rate of
the somatic embryo was observed when cotyledon explants were cultured on 1% agar MS
medium with the supplementation of sucrose at 5% [29,53].

Different attempts have been made to regenerate ginseng through tissue culture using
somatic embryogenesis techniques [54,55]. However, most regenerated plants cannot
survive when transferred to soil. Shoot or multiple shoot formation has been successful
from somatic embryos. However, taproots cannot be obtained, as the reproductive capacity
of the multi-shoot complex gradually decreases and eventually disappears during long-
term subculture (over 12–18 months). This phenomenon was observed in ginseng, where a
single somatic embryo can regenerate into a plant with well-developed roots and shoots.

In contrast, multiple fused somatic embryos result in multiple shoots [50]. Only the
study by Choi et al. [29,30] reported the successful transfer of somatic embryos induced
from cotyledon explants on hormone-free media at 12–66% frequency in the regenerated
plant. In his study, ginseng plants with well-developed shoots and roots regenerated
from single embryos were successfully domesticated in a greenhouse when planted in soil
(Figure 4) [56]. This regeneration protocol is very effective in the induction of whole plants.

Figure 4. The protocol of somatic embryogenesis from callus to whole plants. Note: This figure
shows the indirect organogenesis. First, the optimal callus was selected to form the embryogenic
callus. In the next step of somatic embryogenesis, a regenerated whole plant can be obtained under
optimal culture conditions.
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Furthermore, optimal physical conditions, including light, temperature, and relative
humidity, were identified for the in vitro propagation of ginseng species. A photoperiod
of 14–16 h per day, with a cold white fluorescent lamp providing a light intensity of
24–80 μmol m−2 s−1, and a temperature of 23 ± 2 ◦C were found to be appropriate for the
incubation and maintenance of cultures [33,53].

In addition, there is a desperate need for a reliable and fast method to propagate the
superior chemotype of ginseng species. For this purpose, it is crucial to establish a fully
controlled in vitro micro-saline environment using shakers, temporary soaking, or biore-
actors, which will enable the production of healthy and uniform seedlings. Additionally,
molecular-marker-assisted protocols are highly recommended for verifying clonal fidelity
and ensuring the production of identical clones. A well-known barrier to the effectiveness
of plant production is the deterioration of culture vigor and regenerability over time. Vari-
ous phenotypes, such as changes in plant height, biomass, grain yield, resistance to disease
and pests, acid and salt tolerance, and agronomic performance, have all been linked to
somaclonal variation. Over the 20 years of ginseng cell subculture, ginsenosides comprised
just around 0.024% of the dry weight [57]. Raul Sanchez-Muñoz et al. indicated that the
fundamental obstacle in creating commercially viable plant biofactories appears to be the
alterations in methylation patterns, the primary mechanism predicted to be implicated in
yield loss over time [58]. Therefore, clone maintenance should be investigated further for
stable biomass and secondary metabolites production.

Table 3. List of the common conditions for somatic embryogenesis of ginseng.

Explants Medium PGRs Embryogenesis Rate Other Factors Ref.

seeds MS 2,4-D+ kinetin/
hormone free 45%/32.5%

Most of the single embryos were
formed on a hormone-free medium,
but multiple embryos were formed
on a hormone-containing medium.

[50]

cotyledons MS
2,4D+BA+

lactalbumin
hydrolysate

87% The use of glucose can enhance
somatic embryo formation. [59]

cotyledon MS 61.8 mM of
NH4NO3

56.3%

The highest frequency of somatic
embryo formation occurred in the

following order: NH4NO3 > KNO3
> KH2PO4 > MgSO4 > CaCl2.

[29]

zygotic
embryos MS 2,4-D+ kinetin NM NM [60]

NM: not mentioned.

3. Ginsenoside Biosynthesis and Biotechnological Production

3.1. Biosynthetic Pathways of Ginsenosides

Ginsenosides are triterpenoids or saponins, secondary metabolites with significant
medical value, particularly in the pharmaceutical industry. Because they resemble steroidal
hormones, these secondary metabolites have a variety of pharmacological characteris-
tics. According to the aglycone structure, ginsenosides are classified into dammarane or
oleanane types. Ocotillol-type ginsenosides are derived from oleanolic acid precursors. In
contrast, the dammarane-type ginsenosides can further be classified into protopanaxadiol
(PPD) and protopanaxatriol (PPT) ginsenosides [61], which are the major ginsenosides in
P. ginseng and the main bioactive constituents for its biological activities.

The biosynthetic pathways of ginsenosides have been demonstrated, as shown in
Figure 5. Generally, two pathways and three stages are involved in the biosynthesis of
ginsenosides. The production of ginsenosides occurs in the cytosol and plastids through
the mevalonic acid (MVA) pathway and the methylerythritol (MEP) pathway. The three
stages are as follows: (1) firstly, isopentenyl diphosphate (IPP) and its isomer dimethylallyl
diphosphate (DMAPP) are produced via the MVA and MEP pathways; (2) IPP and DMAPP
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are then transformed into 2,3-oxidosqualene; and (3) ginsenosides (such as Rh1, Rh2, Rg1,
Rg3, Rd, C-K, F2, and Ro) are created via three reaction steps from 2,3-oxidosqualene,
which include cyclization, hydroxylation, and glycosylation. The biosynthetic pathways of
ginsenosides consist of more than 20 steps of consecutive enzymatic reactions, including
enzymes, for example: 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR), far-
nesyl pyrophosphate synthase (FPS), squalene synthase (SS), squalene epoxidase (SQE),
dammarenediol-II synthase (DS), β-amyrin synthase (AS), cytochrome P450 (CYP450), and
UDP-glycosyltransferase (UGT) [62–64].

Figure 5. The biosynthetic pathways of ginsenosides. Note: the two pathways are MVA and MEP,
respectively; the three stages are the formation of IPP and DMAPP; IPP and DMAPP are converted
into 2,3-oxidoSqualene; ginsenosides of dammarenediol type; PPD and PPT types are synthesized
from 3 steps. The green color represents the related genes and enzymes.

3.2. Ginsenosides Accumulation in In Vitro Cultivation of P. ginseng

Based on the purpose and types of tissues applied for in vitro culture, P. ginseng
culture, which has proven successful in producing secondary metabolites, was reported in
adventitious roots, cell suspension culture, and hairy roots.

3.2.1. Ginsenosides Accumulation via Adventitious Roots Culture

Adventitious roots culture is considered an alternative and prospective method for
cell culture because of its higher biomass, production, stability in different physical and
chemical environments, and higher ginsenosides production in large-scale bioreactors. The
commercial-scale production of ginseng roots has been realized only in recent years in the
Republic of Korea despite the first patent on ginseng root tissue culture being invented
by Metz and Lang in 1966 [35]. The adventitious roots form from unusual parts such as
calluses, stems, roots, and leaves. There are four discrete stages: the induction of callus,
somatic embryogenesis, the formation of adventitious roots, and root elongation [65].
Optimal conditions, such as the types of explants, types and concentrations PGRs, and
medium constituents, are needed in these four stages.
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NAA and IBA are the two most used exogenous hormones for adventitious root
induction from the callus. IBA was found to be more effective than NAA in the induction
and elongation of lateral roots. Roots that were greatly elongated and slender formed on
the IBA-containing medium compared to the NAA-containing medium when cultured
under dark conditions [66,67]. A study reported the effect of NH4NO3 in the medium on
the adventitious root induction, and the results showed that NH4NO3 free medium was
better for the adventitious root formation. At the same time, it was shown to be necessary
for the further elongation of post-induced adventitious roots [68].

Plant cells’ defense mechanisms can be activated to respond to the attack of pathogens
and biotic and abiotic stresses, which includes the biosynthesis of secondary metabo-
lites [69]. In order to increase the contents of the secondary metabolite “ginsenosides,”
some compounds have been used as elicitors to increase the expression and critical enzymes
relevant to its biosynthesis [70]. Methyl jasmonate (MJ) is the vital signaling compound
involved in the biosynthetic pathways responsible for accumulating secondary metabo-
lites [71]. Though MJ inhibits the fresh weight, dry weight, and growth ratio of ginseng roots
in the in vitro culture, the production contents of ginsenosides were up to 5.5–9.7 times as
high as in the untreated roots [72]. Another kind of elicitor, organic germanium, a food
supplement, was used to work as an elicitor to increase biomass accumulation. When
treated on the cultured roots with organic germanium at 60 mg/L, the accumulation of
ginsenosides Rb and Rg and the dry biomass of adventitious roots was enhanced [73].

Owing to the high price of MJ, which limits the mass production of ginsenosides in
large-scale bioreactors, the scientific community has started exploring other approaches to
increase ginsenosides production in in vitro root cultures. Endophytes are bacterial or fungal
microbes that can colonize healthy plant tissues without showing any apparent symptoms
and protect their host by producing a variety of substances. Some reports have illustrated
that endophytes can stimulate secondary metabolite accumulation when serving as elicitors.
For example, a remarkable enhancement effect on ginsenosides accumulation was found
when treating a 28-day-old adventitious root in a suspension culture of P. ginseng with dried
mycelium of Aspergillus niger. Similarly, the application of this elicitor decreased the growth
of the adventitious root, and the dry weight was reduced with the increasing concentrations
of the elicitor [74]. An Endophyte bacterium, strain LB 5-3, from ginseng roots cultivated
in the ginseng field showed the capacity to increase biomass and ginsenosides content by
four times in ginseng adventitious root cultures [75]. A fungal suspension homogenate of
pathogenic fungi (Alternaria panax Whetz) isolated from ginseng grown on the field was
processed to be utilized as an elicitor. When the 30-day-old ginseng adventitious roots were
treated with this fungal elicitor at the concentration of 200 mg/L for 8 days, the maximum
ginsenosides accumulation content (29.6 mg/g dry weight) was obtained, and the biomass
of the adventitious roots was not significantly inhibited [76].

Some other biotechnological methods, such as the induction of polyploidy and mutagene-
sis, can be used as alternative technologies for the enhancement of ginsenosides accumulation.
A study reported that the mutagenesis induced via γ-irradiation enhanced the ginsenosides
production content up to 16-fold compared with regularly cultured ginseng roots, and this
study also indicated that the ginsenosides accumulation in the mutated adventitious roots is
almost 1.6-fold that in of the normal roots cultivated in the ginseng field. However, it should
be noted that the results of irradiation-based mutant breeding can vary. The growth of plants
is impacted differently by each spectrum of γ-irradiation [77]. In another study, different
concentrations of colchicine were used to treat the adventitious roots for different lengths of
time to induce octoploid roots. The results showed that the total ginsenosides and Rb-group
ginsenosides contents in octoploid roots were lower than that in untreated roots. However,
the treated roots with colchicine contained more Rg-group ginsenosides, especially Rg1. These
results indicated that polyploid adventitious roots can enhance secondary metabolite produc-
tion in ginseng. Compared to the naturally tetraploid root, the fresh and dry biomasses of the
octoploid adventitious roots were significantly higher [78].
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Further studies are also highly desired to promote ginsenoside yields of at least the
same level as those in 6-year-old ginseng roots cultivated in the field.

3.2.2. Ginsenosides Accumulation via Cell Suspension

Adventitious root cultures are an alternative method for producing stable secondary
metabolites; however, root cultures of some advanced plants exhibit difficulties in har-
vesting bioactive ingredients and slower growth [79]. Besides adventitious roots culture,
cell suspension culture has been used to produce secondary metabolites in many plant
species for decades, especially in pharmaceutical botany [80]. Plant cells are regarded
as green factories for synthesizing medicinal components in bulk. These cells in intact
tissues, such as leaf, stem, root, and callus, are difficult to cultivate in ideal production
methods and limit labor-intensive culture practices on a commercial scale. However, cell
culture systems offer staggering opportunities to establish batches and continuous cultures
in bioreactors of commercial scale. There have been many reports on producing pharma-
ceutical compounds in bulk via cell suspension culture [17]. The most commonly used
method, “micro-propagation,” is related to the proliferation of shoots through a semi-solid
medium. While this semi-solid system has gained moderate or high success in increasing
productivity and reducing the time required to propagate commercially essential materials,
it is becoming increasingly important. Micropropagation via conventional techniques
is usually a time-consuming method of clonal propagation. To overcome this, shaken
culture methods using a liquid medium have been promoted. A liquid medium permits
close contact with plant tissues to stimulate and promote the absorption of nutrients and
phytohormones, thereby promoting the growth of branches and roots [81].

Research on ginseng suspension culture has mainly focused on various factors that
influence cell growth and the synthesis of secondary metabolites. These factors include
selecting optimal cell lines, using elicitors, and the impact of environmental and chemical
factors such as light, pH, temperature, plant growth regulators (Table 4), nitrogen, carbon,
and inorganic ions. Recent findings indicate that the rate of ginsenoside synthesis does not
necessarily correlate with the growth rate of ginseng callus cells. As a result, a two-stage
culture approach has become increasingly popular for producing secondary metabolites in
ginseng cell suspension culture. This approach involves a cell growth stage followed by a
ginsenoside production stage.

As mentioned above, many researchers have indicated that many physical and chemi-
cal factors can affect the production of secondary metabolites [82]. For example, optimizing
the concentrations and combinations of various hormones and nutrients is frequently
effective. In one study [83], the authors established a cell suspension culture system of
mountain ginseng (P. ginseng C.A. Meyer) in an attempt to increase the production yield of
ginsenosides via manipulating their culture methods and related factors, such as media
strength, the concentrations and combinations of PGRs, the presence of sucrose, and the
ratio of NO3

+/NH4
−. The maximum biomass content was obtained in the medium con-

taining 2,4-D. However, the ginsenosides yield was much higher in the medium containing
either NAA or IBA. IBA at the concentration of 7 mg/L was optimal for accelerating cell
growth and saponin productivity. The level of ginsenosides, especially of the Rb group, was
enhanced by adding cytokinins (benzylaminopurine (BA) at 0.5 mg/L and KT at 0.5 mg/L)
despite having no effect on cell growth. The treatment of an initial nitrogen at 30 mM
showed maximum cell growth and ginsenosides production. The amount of saponins will
increase when the test medium has a high NO3

+/NH4
− ratio. The production of saponins

was highest when nitrate was the only nitrogen source; however, when ammonium was
used as a sole source, it was not beneficial for saponin biosynthesis [84]. The effect of
another inorganic ion, phosphate, on cell growth and saponin accumulation was tested
in the suspension culture of P. ginseng [85]. The results showed that the vital phosphate
concentration for cell growth and the optimal concentration for simultaneous production
of ginsenosides were 1.04 mM and 0.42 mM, respectively.
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Elicitation has proven to be a successful method for increasing the production yield of
various secondary metabolites. In a study conducted by Lu et al. [86], the effects of elicitor
concentration and the time of elicitor addition on ginsenoside synthesis and cell growth in
P. ginseng cell suspension cultures were investigated. The yeast extract and the MJ were
tested, and both elicitors significantly increased saponin production. The highest level of
supplemental ginsenosides measured by dry weight was 2.07%, 28 times greater than the
control. The optimal time to add any elicitor was found to be on the day of inoculation. The
results also showed that when MJ was used as an elicitor, removing 2,4-D from the medium
was recommended, as MJ interacts antagonistically with 2,4-D. In another study [87], the
impacts of MJ on cell growth and saponin accumulation in 5 L bioreactor cell suspension
cultures were also studied. This study reveals that when the amount of MJ was between
50 and 400 μM, the ginsenosides accumulation was enhanced; however, with the increased
concentration of MJ, the growth ratios and the fresh and dry weights of cells were strongly
inhibited. The highest ginsenosides yield was obtained when MJ was used at 200 μM.

Table 4. Cell suspension culture of P. ginseng.

Medium
PGRs Cell

Growth
Rate

Total
Ginsenosides

Content

Other Factors Ref.
2,4-D 6-BA NAA IBA KT

MS 1
mg/L

0.5
mg/L

1, 3, 5, 7,
9 mg/L

1, 3, 5, 7,
9 mg/L

0.5
mg/L 10 g/L 7.29 mg/g

Nitrite of 30 nM can
increase both cell growth

and total saponins
[83]

MS 0.4
m/L 2.5 mg/L 0.1

mg/L 11 g/L 21.4

Inorganic phosphate can
promote cell growth and

enhance saponin
accumulation

[85]

MS 1
mg/L

28-fold higher
than control

The MS medium was
supplemented with

inorganic salts: nicotinic
acid, pyridoxine-HCl, etc.

[86]

MS 2 mg/L 7 mg/L 0.1
mg/L 8.82 mg/g 2.9 times higher

than control

The highest ginsenosides
yield were obtained when
200 μM MJ was added on
day 15 during incubation

[87]

However, one of the omnipresent domain obstacles is the metabolic diversity in plant
cell cultures, leading to the physically and genetically unstable production of secondary
metabolites. From the perspective of biological process operation, any commercial attempt
would be inhibited if there is no solution to this instability before it is scaled up [88].

3.2.3. Ginsenosides Accumulation via Hairy Roots

Agrobacterium rhizogenes, a bacterium found in soil, can induce hairy roots through
genetic transformation. This process involves the genetic modification of plant cells via
the plasmid T-DNA of A. rhizogenes, resulting in the formation of hairy roots during auxin
metabolism. Research has demonstrated that hairy root cultures of ginseng have great
potential for producing large amounts of biomass and ginsenosides. According to the
literature, the mother plant’s ability to manufacture secondary metabolites is on par with
or surpasses the hairy root cells [89–91]. Hairy root culture has advantages over cell
suspension culture, such as inherent genetic stability. Hairy roots have a genetic stability
that is one of their hallmarks.

Moreover, using the hairy root system holds immense potential for incorporating
other genes besides the Ri T-DNA genes, which can alter the metabolic pathways and
generate valuable metabolites or compounds [92]. In addition, the growth rate of hairy
roots is usually similar to or faster than that of cell culture, and they do not necessitate
the use of PGRs in the culture medium [93]. The technique of hairy root cultivation can
be traced back to the 1980s and is still undergoing refinement and standardization. In the
case of ginseng, Inomata et al. [94] and Yoshikawa et al. [95] reported that the hairy roots
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of ginseng showed a higher content of ginsenosides and swift growth, as compared to its
suspension cells and adventitious root cultures.

The light conditions are crucial in hairy root culture for the higher production of
ginsenosides. For example, the effect of light on the growth and ginsenosides accumulation
of P. ginseng hairy roots induced by A. rhizogene A4 was studied, and the results showed
that the growth and ginsenosides accumulation was higher when cultured in the dark for
1 week and then transferred into the light condition (3500 lux) for 4 weeks. The yields
of ginsenosides Rg1 and Rf increased by 3.3- and 2.4-fold, respectively [96]. The effects
of electronic inhibitors on ginseng’s root growth and ginsenoside content were tested by
Yang et al. Ginsenoside production was higher when hairy roots were cultured in MS
medium for 4 weeks and then transferred to 1/2MS medium containing ascorbic acid or
2,5-dimethylfuran for 1 week under light conditions. When investigating the effects of
culture conditions on the growth and accumulation of ginsenosides, the research demon-
strated that the accumulation of ginsenosides in ginseng hair roots cultured in a 20 L
bioreactor was 34% higher than that in dark culture. During culture, ginseng hair roots
were irradiated with ultraviolet light. Therefore, the growth of ginseng hairy roots was
decreased following UV irradiation for a long time, but the accumulation of ginsenosides
increased with the extension of UV irradiation time [97].

As discussed in the adventitious root culture, the method of induction of root muta-
genesis can contribute to biomass and ginsenosides accumulation and hairy root culture.
Studies were conducted to assess the role of P. ginseng hairy roots caused by 60Co γ-ray
irradiation. After removing the apical meristem of hairy roots irradiated below 2 Krad,
lateral roots were used as cell lines. Furthermore, 206 hairy root cell lines were selected
with various growth rates and forms and cultured in 1/2 MS medium without hormones.
Then, 10 out of the 206 samples which showed excellent growth were chosen. Among them,
y-GHR 70 and y-GHR 94 showed higher growth.

Different elicitors could be used for the high production of growth and ginsenosides.
Hairy roots of P. ginseng established after induction with A. rhizogenes KCTC 2703 were
cultured in liquid MS medium free of plant hormones supplemented with different con-
centrations of MJ and other inducers to promote ginsenoside accumulation. The results
indicated that MJ significantly increased the total ginsenoside production, especially in
the Rb group [98]. Seung-Yong Oh et al. studied the effects of chitin and chitosan on the
production and growth of ginsenosides, and the results showed that when ginseng hair
roots were cultured on 40 mg/L chitin and applied in the third week of culture, ginsenoside
content and yield were the highest. The growth of ginseng hair root culture with 1 mg/L
chitosan was the best, but the ginsenoside content with 30 mg/L chitosan was the high-
est [99]. Additional techniques, such as including Tween 80 in hairy root cultures, have
significantly increased total ginsenoside production up to three-fold [100].

Various types and concentrations of salt affect the biomass and ginsenosides accumu-
lation. A study investigated these effects on ginseng hair root growth and ginsenoside ac-
cumulation by adding different concentrations of potassium phosphate to 1/2 MS medium.
The results showed that 1.25 mM potassium phosphate supplementation increased biomass
and ginsenosides accumulation [101]. Another study determined the growth rate and yield
of ginsenosides against NaCl in the hairy roots of P. ginseng. In MS liquid culture, the
highest ginsenoside content and yield appeared 4 weeks after the onset of 0.1 M NaCl
treatment [102]. To study the effects of inducers on the growth and biosynthesis of ginseng
hairy roots, the hairy roots were treated with different concentrations of Haliotidis concha
according to different time processes. Haliotidis concha supplementation increased the
biomass and ginsenoside accumulation at the concentration of 10 mg/L [103].

3.2.4. Large-Scale Production of P. ginseng via Bioreactors

Elements like sluggish growth rates, constrained planting areas, climatic dependence,
and labor scarcity primarily constrain the large-scale generation of biochemical compounds
with economic value using field-grown plants. Advancements in plant cell and tissue
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culture techniques have facilitated the creation of significant phytochemicals. These plant
cell and tissue culture procedures should reduce these adverse effects.

In plant biotechnology, significant progress has been made in utilizing bioreactor
cultivation as a viable and appealing approach for biomass and bioactive compound pro-
duction [104]. Compared to traditional tissue culture methods, the bioreactor system offers
enhanced sophistication, allowing for individualized optimization of culture conditions.
Factors such as temperature, pH, oxygen, carbon dioxide concentrations, and nutrient
levels in the medium can be controlled precisely. In addition, the continuous circulation
of the medium further improves nutrient availability. It is also possible to speed up cell
regeneration and proliferation. Thus, production time and cost could be greatly decreased,
product quality could be regulated and standardized, products could be free of contamina-
tion by pesticides, and production could be carried out throughout the year without being
limited by geography [105]. The engineering of ginseng adventitious roots, cell suspension,
and hairy root cultures has become a leading food biotechnology in Korea, China, and
Japan. There are numerous varieties of bioreactors on the market. The stirred-tank biore-
actor is the type that is used most frequently. It enables simple cell collection at various
phases due to its larger size and capacity to boost the amount of nutrients. Even airlift and
balloon-type bubble bioreactors produce ginsenosides in large quantities because they are
more effective at transporting oxygen and have accurate flow predictions, reducing the
shearing of cells [62].

Different bioreactors possess various advantages, such as ginsenoside accumulation in
P. ginseng adventitious roots, cell suspension, and hairy root culture. In one study, the effects
of organic nutrients on growth, the development of biomass, and ginsenosides production
from the adventitious roots of P. ginseng in a balloon-type bioreactor were investigated. The
results showed that a maximum ginsenosides yield of up to 12.42 mg/g dry weight extract
under appropriate conditions can be obtained after 5 weeks of culture [105]. Another study
compared the properties of P. ginseng hairy roots between a flask and aerated column
or stirred bioreactor, and the results showed that it was almost three times as high as
the flask culture of both bioreactors [104]. Another essential factor for the bioreactors’
cell and root suspension cultures is the inoculum size, which can affect cell growth and
secondary metabolite production [106–108]. Differences in the cell inoculum size can cause
a significant difference in cell density during culture. Thus, it can lead to changes in
culture conditions, such as the concentration of dissolved oxygen and gas metabolites,
as well as the related enzyme activities, depending on the number of accumulated cells.
These changes could affect cellular metabolism both directly and indirectly. There have
been reports about the effect of inoculum size on cell growth and secondary metabolite
accumulation [35,109–111], and the effect of cell density varies depending on the type of
vessels and period of culture [112].

Faster biomass production increases the efficiency of producing secondary metabolites
of economic interest. Therefore, using bioreactors to manufacture biomass in vitro is a
novel strategy, frequently used to meet needs that are challenging to meet in the field
because of pesticide use, climate change, and water restrictions. However, due to some
limitations of plant tissue culture, it cannot be viewed as a replacement for actions to
prevent or combat climate change. According to previous reports, the plantlets obtained
from in vitro culture were initially small and had unfavorable traits. In vitro, plants must
go through a transitional stage before independent growth because they cannot function
autotrophically when cultured in vitro. The potential for creating plants with genetic
aberrancy may increase. Plants are more vulnerable to contamination and water loss since
they are grown in an atmosphere with high relative humidity [113].

Moreover, different cultivation conditions result in significant variations in quantita-
tive and qualitative material characteristics originating from plants. Hence, the relationship
between the propagation method and the quality of secondary metabolites should be made
clear when using these technologies to obtain the most balanced cost–benefit ratio.
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4. Perspectives on the Breeding of P. ginseng and Conclusions

Medicinal plants offer significant advantages for both people and the environment, and
their functional and therapeutic values are higher than any other crop. However, the study
and creation of therapeutic plants have been largely overlooked, and little is known about
their genetic makeup, heterozygosity, growth patterns, and self-incompatibility [114]. This
limitation further impedes the progress of medicinal plant breeding. Given the diversity of
therapeutic plants and the environmental conditions in which they grow, breeding them
is often an exceedingly intricate process. Therefore, collaborative efforts are necessary to
address these challenges. The following sections will discuss current breeding strategies
and future directions to overcome these challenges in P. ginseng.

4.1. Molecular Breeding

Molecular breeding is an essential content of molecular pharmacognosy. The pro-
cess of breeding at the molecular level using molecular biology techniques is known as
“molecular breeding”, which is a new development of conventional breeding. Conven-
tional breeding emphasizes phenotypic selection, while molecular breeding focuses on
genotype selection. Molecular breeding is inseparable from conventional breeding. It
also takes excellent phenotypes as the breeding goal, establishes the connection between
genotype and phenotype, and selects phenotypes by genotype. Medicinal plant breeding
is a crucial method for improving the quality of medicinal materials. In the past 20 years,
through systematic breeding, crossbreeding, polyploid breeding, and other conventional
breeding methods, many medicinal materials have been cultivated, such as P. ginseng,
P. quinquefolium, Rehmannia glutinosa, Salvia miltiorrhiza, Platycodon grandiflorum, Magnolia
officinalis, etc. However, due to the variety of medicinal plants, long growth cycles, high
heterozygosity, unique breeding objectives, and other reasons, the overall level of medicinal
plant breeding and breeding efficiency is not high [115].

While some progress has been made in using molecular markers for studies of ther-
apeutic plants, most research has concentrated on identifying species and genetic poly-
morphism. There have been relatively few reports on marker-assisted breeding for these
plants [116]. For instance, the successful application of DNA-marker-assisted selection
and systematic breeding is developing a new variety of P. notoginseng called “Miao Xiang
Kang qi” [117]. In this case, specific single-nucleotide polymorphisms (SNPs) identified
in resistant varieties associated with root rot resistance act as genetic markers to assist
systematic breeding. The incidence of root rot and rust was reduced by 83.6% and 71.8%,
respectively, compared with conventional varieties. There are few reports of DNA-marker-
assisted methods for selecting new ginseng cultivars [118–121]. Molecular breeding is fast,
efficient, and accurate. Therefore, it can be used as a new reference for breeding and to
direct the breeding of new variations of P. ginseng. More DNA molecular markers should
be exploited to direct the future development of P. ginseng breeding [122].

4.2. Transgenic Breeding

Transgenic breeding is a molecular method in which one or more foreign genes are
transferred to a plant through genetic engineering so that the plant can effectively express
the corresponding products. The basic principle of genetic modification (GM) is like that
of conventional crossbreeding: crossbreeding involves the transfer of whole gene chains
(chromosomes). In contrast, gene transfer involves the selection of the most practical small
gene segments, so GM is more selective than crossbreeding. Since the establishment of the
Agrobacterium-mediated method [123], gene gun-mediated method [124], and pollen tube
channel method [125], significant achievements have been made in the transgenic breeding of
crops and horticultural crops for disease resistance, insect resistance, and stress resistance.

However, the uncertain genetic background, high heterozygosity, and repetitive se-
quences of medicinal plants make transgenic breeding more challenging than in other
crops. Nevertheless, there have been successful examples of genetically modified medic-
inal plants, such as Artemisia annua. Despite this, the research on transgenic breeding of
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medicinal plants remains limited [126]. The agrobacterium-mediated method has been
studied predominantly for the synthesis of secondary metabolites. There is also limited
research on the transgenic breeding of P. ginseng. An attempt has been made using the
Agrobacterium-mediated method to produce herbicide-resistant transgenic P. ginseng plants
via the introduction of the phosphinothricin acetyl transferase (PAT) gene that confers re-
sistance to the herbicide Basta. The results showed that transgenic P. ginseng grown in
soil exhibited high Basta resistance [127]. In another report, thermotolerant transgenic
P. ginseng was produced by introducing the isoprene synthase gene through Agrobacterium-
mediated transformation. The transgenic plant appeared healthy when exposed to a high
temperature of 46 ◦C for 1 h. In contrast, the non-transformed ones were wilted from heat
shock, which suggested that the exogenous isoprene synthase gene can be added as an
alternative technique for producing thermotolerant ginseng [128]. There is no available
research report on transgenic breeding of medicinal plants via the pollen tube method.
More transgenic genes must be exploited to produce either high tolerance or secondary
metabolites production of P. ginseng plants.

Genetic modification is a promising approach that enables us to understand regulatory
mechanisms through genetic alterations of single or few genes. It is worth noting that
plants obtained from transgenic performances are only sometimes uniquely responsive,
especially when performing classical genetic improvement activities in the field. Some
studies reported that the increased yield of transgenic plants was carried out in controlled
greenhouse conditions, and the response to a particular transgene can be reversed in the
field [129]. However, transgenic lines were unable to maintain the advantages observed
under control settings in field testing [130].

4.3. Digital Breeding

Due to advancements in DNA sequencing technologies and bioinformatics, many crop
genomes are now publicly available. While having a reference genome sequence (the size
of P. ginseng species is 3.4 Gb according to GenBank accession number GCA_020205605.1
in NCBI) is valuable, it does not fully represent the genetic diversity within a particular
species. Therefore, information on DNA polymorphisms is essential for crop breeding.
Hence, techniques such as whole-genome resequencing [131], sequence capture, target
enrichment, resequencing methods [132], partial genome sequencing strategies [133–135],
and high-density genotyping arrays [135] are highly beneficial. Genetic diversity studies
have recently been conducted on staple and “orphan” crops [135–138].

Bioinformatics is a rapidly growing research area due to the crucial importance of
extracting knowledge from diverse data, known as data mining. Analyzing a large amount
of SNP and phenotypic data requires sufficient computing infrastructure and bioinformatics
and shell scripting expertise, which is not commonly available in laboratories. Furthermore,
there is a rising need to combine various “omics” data, such as genomics and phenomics,
with mathematical and statistical models.

Therefore, developing bioinformatics skills among plant researchers and breeders
is critical to ensuring they can analyze and interpret their data [139]. However, finding
individuals with bioinformatics and plant breeding skills is challenging. The best solution
is to form an interdisciplinary team where researchers can share knowledge and skills
to advance crop improvements. The first open-access platform to offer extensive genetic
resources of P. ginseng was created by Murukarthick Jayakodi et al. The most up-to-date
draft genome sequence is available in the current version of this database, along with
59,352 gene structural and functional annotations and digital expression of genes based on
transcriptome data from various tissues, growth stages, and treatments [140]. In another
report, Woojong Jang et al. revealed the plastome diversity and established a standard
haplotype grouping system according to various genotypes of ginseng plastomes. Eighteen
polymorphic sites were identified, among which 11 SNPs and 7 INDels are included, with
the help of a comparative investigation of the plastomes of 44 cultivated and wild ginseng
accessions from Northeast Asian nations. Based on the SNP variants, 10 KASP markers
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were created to identify various haplotypes and their cultivation histories in various genetic
resources. The understanding of ginseng evolution is intensified by establishing a digital
haplotyping approach based on plastome diversity, which also acts as a powerful molecular
breeding tool [141].

In contemporary times, the skill sets of breeders are evolving rapidly, which are rich
enough that it is time we start thinking about breeding with different tools than in the past.
Because of technological advances in phenotypic and genotypic analysis, as well as in biotech-
nology and the digital revolution, breeding cycles will be shortened cost-effectively [142].
Therefore, we can consider these new tools for breeding P. ginseng in the future.

4.4. Conclusions

This review has summarized various in vitro cultivation methods via direct and indi-
rect organogenesis technologies and the ginsenosides’ biosynthetic pathways. In addition,
biotechnological approaches for ginsenosides accumulation, including adventitious root
culture, cell suspension culture, hairy root culture, biotic and abiotic factors, and large
scale-up culture for the high production of ginsenosides, have been explored. Despite
significant advancements in ginseng in vitro culture, there is still more room for the re-
search community to identify superior chemotypes of ginseng species for propagation. The
perception of new techniques like transplanting seedlings and aeroponics culture methods
are proposed as a significant requirement to grow high-quality ginseng rapidly. Finally,
we have also introduced some breeding technologies, which may provide new insights
as better options for prior cell lines of P. ginseng for better application and highly stable
production of its secondary metabolites.
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Abstract: The cultivation of plant cells in large-scale bioreactor systems has long been considered a
promising alternative for the overexploitation of wild plants as a source of bioactive phytochemicals.
This idea, however, faced multiple constraints upon realization, resulting in very few examples
of technologically feasible and economically effective biotechnological companies. The bioreactor
cultivation of plant cells is challenging. Even well-growing and highly biosynthetically potent cell
lines require a thorough optimization of cultivation parameters when upscaling the cultivation
process from laboratory to industrial volumes. The optimization includes, but is not limited to, the
bioreactor’s shape and design, cultivation regime (batch, fed-batch, continuous, semi-continuous),
aeration, homogenization, anti-foaming measures, etc., while maintaining a high biomass and
metabolite production. Based on the literature data and our experience, the cell cultures often
demonstrate cell line- or species-specific responses to parameter changes, with the dissolved oxygen
concentration (pO2) and shear stress caused by stirring being frequent growth-limiting factors. The
mass transfer coefficient also plays a vital role in upscaling the cultivation process from smaller
to larger volumes. The Experimental Biotechnological Facility at the K.A. Timiryazev Institute of
Plant Physiology has operated since the 1970s and currently hosts a cascade of bioreactors from the
laboratory (20 L) to the pilot (75 L) and a semi-industrial volume (630 L) adapted for the cultivation
of plant cells. In this review, we discuss the most appealing cases of the cell cultivation process’s
adaptation to bioreactor conditions featuring the cell cultures of medicinal plants Dioscorea deltoidea
Wall. ex Griseb., Taxus wallichiana Zucc., Stephania glabra (Roxb.) Miers, Panax japonicus (T. Nees)
C.A.Mey., Polyscias filicifolia (C. Moore ex E. Fourn.) L.H. Bailey, and P. fruticosa L. Harms. The results
of cell cultivation in bioreactors of different types and designs using various cultivation regimes are
covered and compared with the literature data. We also discuss the role of the critical factors affecting
cell behavior in bioreactors with large volumes.

Keywords: plant cell culture; cell suspension; bioreactors; biotechnology; periodic cultivation;
continuous cultivation; phytochemicals; plant secondary metabolites

1. Introduction

Over 100,000 plant-produced secondary metabolites have been identified to date, and
the discovery of new compounds continues on a daily basis. Plant secondary metabolites
possess extremely diverse chemical structures. The alkaloids, isoprenoids (terpenoids),
and phenolic compounds are the most well-studied metabolite classes so far, each of
them being subdivided into numerous subgroups composed of thousands of chemicals.
Other bioactive molecules belong to plant amines, non-protein amino acids, cyanogenic
glycosides, glucosinolates, polyacetylenes, betalaines, alkylamides, thiophenes, etc. [1–4].
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Many of the identified plant secondary metabolites are economically important prod-
ucts and are widely used in the pharmacological, cosmetic, and food industries, veterinary
medicine and agriculture. Anticancer drugs, adaptogens, immunostimulants, and antimi-
crobials remain in the greatest demand [1,5–10]. The development of new synthetic drugs
may cost about 100 million USD and take about 10 years; hence, the practical interest in
plants as natural raw materials for drug production is economically justified [11–13].

The ever-increasing demand for bioactive compounds of plant origin leads to the
overexploitation of wild plant diversity and, as a consequence, to the search for alternative
renewable sources of valuable secondary metabolites. Plantations may partially solve
the problem but have other issues such as significant costs, the use of herbicides and
insecticides, land occupation, certain climatic conditions requirements, etc. Moreover,
both the composition and the number of secondary metabolites produced by plantation
plants are subject to change depending on the plant’s age and growth environments. Plant
cell cultures provide fundamentally different opportunities for the production of plant
bioactive compounds [4,14–17].

Cell biotechnology for the production of bioactive phytochemicals has numerous ad-
vantages over traditional plant raw materials as highlighted in earlier reviews [15,16,18–20].
The main advantages are independence from seasonal, climatic, and soil conditions, eco-
friendly production process, a variety of strategies available for maximizing the yield of
cell biomass and the compounds of interest, unlimited application to plant species with
rare/endangered/at-risk status, and the use of standard equipment designed for microbio-
logical productions including bioreactors, post-fermentation systems, etc., with only minor
modifications. Recent advances in bioengineering and in vitro selection technologies may
prompt the development of superior cell lines with intensive growth and the production of
the desired metabolites at similar or higher levels compared to wild plants [21–23].

Recent advances in in vitro cultivation methods underpinned the development of
both practical and fundamental aspects of plant cell and tissue culture [13,16,24]. In
addition to biotechnological applications, plant cell cultures have been used to investigate
the biosynthetic pathways and regulatory processes in plants and successfully utilized
as natural systems for biotransformation, both at the final and intermediate production
stages [25,26].

Numerous studies conducted since the 1940s have demonstrated that suspension
cultures of plant cells are capable of synthesizing the entire range of secondary metabolites,
often in amounts exceeding their concentration in plants [13,15,19,23,27–30]. Furthermore,
plant cell cultures possess a high potential to synthesize phytochemicals that are found in a
minority in donor plants [23]. Suspension cultures of plant cells can also be used to produce
therapeutic proteins, including monoclonal antibodies, human serum albumin, human
hemoglobin, interferon, immunostimulatory allergenic proteins, and others [13,25,31–33].

The list of plant cell cultures that have been tested for biotechnological application
is quite wide and is constantly updated with new species. The most known and de-
scribed in the literature are cell cultures of Panax spp. producing ginsenosides, Taxus
spp. synthesizing paclitaxel, Dioscorea spp. producing steroidal glycosides, Coleus blumei
Benth. producing rosmarinic acid, Aralia cordata Thunb. producing anthocyanins, Lithosper-
mum erythrorhizon var. erythrorhizon Siebold and Zucc. producing shikonin derivatives,
etc. [15,19,22,28,34–37]. Until the 2000s, plant cell-based biotechnologies have been mainly
considered most relevant for the products that are unprofitable or unfeasible to manufacture
using traditional methods of wild plant collections or plantation cultivation, for example,
for bioactive metabolites produced by rare, endemic, or slowly growing plants [38,39]. To
date, only a few effective biotechnological productions based on the large-scale cultivation
of plant cell suspensions have been described [17,32]. The reasons for the limited industrial
application of plant cell cultures are the high cost and the complexity of the hardware
design, resulting in high production costs and the uncompetitively high prices of the final
product as well as difficulties in developing productive cell strains [17,40,41].
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The K.A. Timiryazev Institute of Plant Physiology of the Russian Academy of Sciences
(IPPRAS) is a research institute that performed pioneer studies in different aspects of plant
cell cultures [42–45]. The institute hosts the Experimental Biotechnological Facility, a large
department with unique bioreactor systems specifically designed for the cultivation of plant
suspension cell cultures from the laboratory (2–20 L) to the pilot (75 L) and the industrial
(630 L) scale (Figures 1 and 2). The facility serves both scientific and commercial applica-
tions, with the main goals of obtaining and selecting cell lines with enhanced production of
bioactive metabolites, optimization of the cell cultivation conditions by adapting nutrient
media and cultivation regimes, the upscaling of cultivation to industrial volumes, and the
design and modification of equipment for cell cultivation. The research team conducts com-
prehensive studies aiming at developing the large-scale bioreactor cultivation of cell culture
producers of biologically active compounds, taking into account the productivity and
individual physiological characteristics of cell strains and the technological characteristics
of the equipment used.

Figure 1. A simplified process flow chart of the Experimental Biotechnological Facility of the IPPRAS.

Figure 2. Experimental Biotechnological Facility of the IPPRAS: (a–d,f) bioreactors of different
volumes for cultivation of plant cell suspensions; (e) cell biomass harvested from 630 L bioreactors,
dried and packed for shipment; (g) example of suspension cells under microscope: cells of Panax
japonicus strain 62 adapted for cultivation in industrial bioreactors.
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Here, we provide a historical perspective and a comprehensive review of our experi-
ence gained through several decades of plant cell cultivation using bioreactor systems of
different types, volumes, designs, and operation regimes. Most studies were performed
using cell culture strains from the All-Russian Collection of Plant Cell Cultures of IPPRAS
featured in the previous review [22]. Each section gives a brief introduction to the different
aspects of bioreactor cultivation and discusses their implications for plant cell cultures
based on the literature and our experience.

2. Bioreactor Types for Plant Cell Cultivation and Their Specifics

The bioreactor system for plant cell cultivation had evolved from microbial production
and is mainly based on the same principles but accomplished its own specifics. From
the technological perspective, the process of living organisms’ cultivation in a bioreactor
involves “in” and “out” flows: inoculum, air or gas mixtures, nutrient components, de-
foamers, etc. are supplied into bioreactors, constantly or periodically, while heat, exhaust
air, culture medium, and cell biomass are removed from the system. The process is con-
trolled by measuring the main physical and chemical parameters and their stabilization at
the optimum level for maximizing the yield of the desired product (biomass or compound
of interest). In the process of cultivation, a complex mixture is formed composed of cells
and cell aggregates, extracellular metabolites, and residual concentrations of the initial
substrate, while target products are usually found in small concentrations and may be easily
destroyed [46–50]. These general principles are followed in the bioreactor cultivation of
plant cells with certain specifics of regime optimization and bioreactor design and construc-
tion [15,51,52]. Most authors acknowledged that the major differences between microbial
and plant cell production systems are due to the following specifics [15,19,20,51,53]:

- The large size and vacuoles make plant cells particularly sensitive to physical and
mechanical stresses;

- The specifically high requirements for maintaining aseptic conditions during long
cultivation due to the relatively low growth rate and long cultivation cycle of plant
cell cultures compared to microbial and animal cell cultures;

- The high requirements of uniform mixing due to the high sedimentation rate of cell
aggregates and the increasing viscosity of cell suspensions at the high concentrations
of cell biomass;

- The intensive foaming and adhesion of cell biomass to the walls of a bioreactor;
- The complex mechanisms of regulating the cell growth and biosynthesis of

target metabolites.

To meet these specifics, bioreactors for plant cell cultivation should be both structurally
and operationally complex. The main engineering challenges are to maintain a high
intensity of mass and energy exchange between the cells and culture medium, to minimize
cell damage during mixing, to aseptically monitor technological parameters, in particular,
the concentrations of cell biomass and target metabolites, and to minimize the cost of the
process [15,52,54].

2.1. Bioreactor Classification Based on Their Design

Different types of bioreactors varying in design, operating regime, and size, from
several liters to several thousands of tons, have been tested for plant cell cultivation.
The large spectrum of cell cultures led to a huge variety of engineering solutions based
on cell strain characteristics, medium used, production scale, specifics of the product
isolation, etc. [15,52,54–56]. Several attempts have been made to classify bioreactors for
plant cell cultivation. In the literature, bioreactors are most often grouped based on their
constructions [20,52,54–56] into the following types:

- Bioreactors where mixing is performed by compressed air supply;
- Bioreactors with mechanical stirring;
- Wave bioreactors.

61



Plants 2024, 13, 430

These types of bioreactors have been reviewed in detail [15,55]. Here, we provide only
a brief description of their main characteristics that are important for further reading.

Bioreactors with air mixing. In this type of bioreactor, the aeration and mixing of the
cell suspension are performed by compressed air. The most well-known are the bubble
type, airlift bioreactors that are usually shaped as a vertical tank equipped with a gas
distribution device or spargers installed at the bottom. Such a construction is relatively
simple, with no rubbing or moving parts, but highly functional and reliable [57,58]. This
type of bioreactor was used in the first experiments on the scaling-up cultivation of plant
cell suspension cultures [59], followed by decades of effective exploitation. Bubble-type
bioreactors were employed for experimental cultivation of Taxus cuspidata Siebold. and Zucc.
and Eurycoma longifolia Jack cells [60,61]. Several cases of commercial cultivation based on
suspension cell cultures of Panax ginseng C.A. Mey., Digitalis lanata Ehrh., Lithospermum
erythrorhizon, Taxus baccata Thunb., and Taxus wallichiana Zucc. in airlift bioreactors were also
reported [36,40,62–64]. However, a number of studies demonstrated that bubble-type and
airlift bioreactors have relatively low mass transfer characteristics, and they are, therefore,
not recommended for cell suspensions with a high viscosity or high final cell biomass
concentration [57,58].

Bioreactors with mechanical stirring. In these bioreactors, aeration is performed by
compressed air, while a mechanical stirrer is used for mixing. Usually, these bioreactors are
made as cylindrical vessels equipped with mechanical stirring devices and a sparger, which
is normally installed under the bottom tier of the stirring device. The oxygen mass transfer
coefficient values in these bioreactors may vary within a very wide range [55,58,65,66].
According to the literature, bioreactors with mechanical stirring are most widely used
for upscaling the cultivation process from the laboratory to industrial volumes [67,68].
One of the first large-scale commercial bioreactor systems of this type was developed by
the Diversa (later Phyton Biotech) company (Germany) and employed a cascade of five
mechanically stirred bioreactors (75, 750, 7500, 15,000, and 75,000 L). This system was used
for the cultivation of Echinacea purpurea (L.) Moench, Rauvolfia serpentina Benth. ex Kurz
cell suspensions [69], followed by Taxus chinensis Roxb. for the production of paclitaxel [17].
Other examples of the successful cultivation of plant cells in bioreactors with mechanical
stirring include Panax spp., Catharanthus roseus (L.) G. Don, Podophyllum hexandrum Royle,
Azadirachta indica A. Juss., and some others [70–74].

Wave bioreactors are rather complex in design, consume a substantial amount of
energy, and are rarely used for the large-scale commercial cultivation of plant cells. They are
characterized by wave-induced motion, where the mass and energy transfer are manually
adjusted via the rocking angle, agitation rate, medium level, and culture vessel geometry.
The disadvantages of these bioreactors are high energy losses during liquid agitation,
engineering difficulties due to the lack of reliable methods for the calculation of optimum
parameters, and the relatively high cost of additional equipment [55,75,76].

The given examples cover the most widely used industrial and laboratory types of
bioreactors. However, new experimental bioreactors are constantly being developed, which
are quite difficult to classify and do not fall into the usual categories [76–78].

2.2. Bioreactors of the Experimental Biotechnological Facility of the IPPRAS

The Experimental Biotechnological Facility of the IPPRAS has been operating since
the 1970s and was the first Russian facility focused specifically on the bioreactor cultivation
of plant cells. During its operation history, bioreactors of different types and volumes
were tested and adapted for the cultivation of plant cell suspensions (Table 1). The very
first experiments were performed in 1972–1979 using laboratory glass barbotage V-shape
bioreactors (no. 1 in Table 1, total volume 1.5–3.0 L) and laboratory bioreactors MF-107
with a modified mechanical stirrer (no. 5 in Table 1, total volume 7.0 L). These bioreactors
provided satisfactory conditions for both growth and the triterpene glycoside biosynthesis
of the suspension cell cultures of Dioscorea deltoidea Wall. ex Griseb. in a series of physio-
logical and biochemical studies [42]. The same systems were used in later experiments for
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culturing other strains of Dioscorea deltoidea [45,79–82], as well as for the suspension cell
cultures of Polyscias filicifolia (C. Moore ex E. Fourn.) L.H. Bailey [83], Panax ginseng [80],
and Taxus baccata [84]. Mechanically stirred laboratory bioreactors Fermus-apparatus and
AK-210 (no. 3 и 4 in Table 1) were also actively operated in the 1990s, in particular for
developing and optimizing cultivation regimes for different strains of Dioscorea deltoidea cell
suspensions [85]. However, these bioreactors had various design flaws, and their current
use is restricted to experimental purposes with a very limited number of suspension cell
strains (Table 1).

Table 1. Bioreactors of the Experimental Biotechnological Facility of the IPPRAS.

No. Bioreactor Material
Total/Working

Volume, L
Mixing Sparger Type Impeller Type Manufacturer Advantages (A), Disadvantages (D)

Exploitation
Period

Laboratory (bench-top) bioreactors

1.
Bubble-type
bioreactors

Glass 1.5/1.0,
3.0/2.5

Aeration

Single point
sparger,

∅~2 mm *
n/a IPPRAS, Moscow,

Russia

A: Easy upscaling, simple construction, low cost
D: Small volume, intense foaming, non-optimal

mass transfer, application is limited to
fine-aggregated, non-foaming cell lines

Until 2014
[84]

2. Glass 10/7, 20/15
Single point

sparger,
∅~6 mm

Currently
in use [86]

3. Fermus-
apparatus

Glass +
stainless

steel
8/6

Magnetic
stirrer +
aeration

Single point
sparger,
∅~4 mm

Open turbine
impeller

R&D Center
“Bioavtomatika”, N.
Novgorod, Russia

A: Highly efficient mass transfer
D: Intense shear stress, foaming, non-optimal
magnetic drive configuration, limited options

for modification, higher chances for
contamination due to construction specifics

Until 1995
[85]

4. AK-210
Glass +

stainless
steel

10/8
Magnetic
stirrer +
aeration

Single point
sparger,
∅~4 mm

Open turbine
impeller

R&D Bureau,
Pushchino, Russia

Until 1995
[85]

5. MF-107
Glass +

stainless
steel

7/5
Magnetic
stirrer +
aeration

Single point
sparger,
∅~4 mm

Three-impeller
stirrer (two

open turbine
impellers and

one marine-type
impeller)

New Brunswick,
USA

Until 2000
[83]

Pilot-scale bioreactors

6. Tank
bioreactor

Stainless
steel 75/50

Magnetic
stirrer for

media
sterilization,
aeration for

cell
cultivation

Single point
sparger,

∅~6 mm or
ring-type gas

distributor
∅~200 mm with
multiple holes

∅~1 mm

Marine-type
impeller Electrolux, Sweden

A: Highly efficient mass transfer, suitable for
viscous cell suspensions

D: Intense shear stress, high energy cost due to
mechanical agitation

Currently
in use

[87–89]

Industrial-scale bioreactors

7. Tank
bioreactor

Stainless
steel 630/550

Magnetic
stirrer for

media
sterilization,
aeration for

cell
cultivation

Ring-type gas
distributor

∅~750 mm with
multiple holes

∅~1 mm

Marine-type
impeller

1T series, “EBEE”
Research &

Manufacturing
facility,

Yoshkar-Ola,
Russia

A: Highly efficient mass transfer, suitable for
viscous cell suspensions

D: Intense shear stress, high energy cost due to
mechanical agitation

Currently
in use

[21,87,89]

* here and further in the table, the inner diameter is specified.

During the past 20 years, the Biotechnological Facility of the IPPRAS primarily used
laboratory glass bubble-type 10 L and 20 L bioreactors (No. 2, Table 1) or stainless steel
75 L and 630 L tank bioreactors (No. 6 and 7, Table 1) for plant cell suspension cultivation.
Our studies confirmed that these bioreactors were the most favorable for the cultivation of
undifferentiated plant cells and had fewer disadvantages compared to bioreactors of other
types [21,80,87–90].

3. Cultivation Regimes

3.1. Cultivation Regimes Suitable for Plant Cell Cultures

The choice of bioreactor design and cultivation regime for maximizing the yield of
biomass and/or a product of interest is mainly determined by the growth and biosyn-
thetic characteristics of individual cell culture strains [15,32]. The most common culti-
vation regimes and their implications for culturing cells of different plant species are
discussed below.

The batch, or periodic, cultivation is a type of “closed” cultivation when the system
undergoes dynamic changes that might be difficult to control. The concentrations of cells
and nutrient medium components, products of cell metabolism, and other factors are
constantly changing in the course of the cultivation process following the development of
the cell population inside the bioreactor [32,91]. The main advantages of batch systems are
the following:

63



Plants 2024, 13, 430

- A reduced risk of contamination and cell mutations due to the relatively short cultiva-
tion cycle compared to other regimes;

- The high degree of substrate utilization;
- The relatively low cost (compared to the cost of continuous cultivation).

Because of its simplicity and universality, this method has been widely used in plant
cell cultivation experiments and industrial-scale productions, for example, for the cell
cultivation of Azadirachta indica (azadirachtin), Catharanthus roseus (ajmalicine, catharan-
thine, serpentine alkaloids), Panax notoginseng (Burkill) F.H. Chen (ginsenosides), and Taxus
cuspidata (taxane production) [29,60,92–94]. Hibino et al. [95] reported the cultivation of the
suspension culture of Panax ginseng cells in 20,000 and 25,000 L bioreactors with mechan-
ical stirring (periodic regime) with biomass productivity reaching 20 g dry weight (DW)
(L·day)−1 in four weeks.

However, some authors noted the reduction in the cell biomass and secondary metabo-
lite accumulation during cell cultivation as a result of batch cultivation compared to other
regimes. This may be due to a gradual accumulation of the inhibitory products of cell
metabolism in the medium and depletion of substrate during cultivation. In addition, the
efficiency of the process is corrupted by the cultivation pauses for equipment preparation
including cleaning, refilling, and sterilization of the bioreactor, as well as for preparing the
required amount of cell culture inoculum for every new cultivation cycle. Upon upscal-
ing to industrial volumes, there is an additional risk of contamination from inoculating
bioreactors with substantial volumes of cell suspension [15,32,91].

The continuous regime for plant cell cultivation are mainly open systems; they can
be organized according to the principle of complete mixing [91,96]. During continuous cul-
tivation, fresh medium is continuously fed into the system at a constant rate under mixing,
whereas the total volume of the cell suspension is kept stable by continuously removing a
portion of the suspension culture at the same rate. A continuous regime creates uniform sta-
tionary conditions in the whole volume of the bioreactor and stabilizes the cell strain in the
required state (‘steady state”), e.g., in the phase of exponential growth [91,96]. Compared
to batch cultivation, continuous systems demonstrate a number of important advantages:

- The production of the cell biomass or compound of interest with predetermined and repro-
ducible characteristics due to the stable and thoroughly controlled cultivation conditions;

- The possibility to shift the composition of the cell population and their metabolic
activity by manipulating the oxygen supply and nutrient components;

- The possibility to regulate the growth rate of the culture and the concentration of cell
biomass within a wide range by changing the flow rate of the nutrient medium.

In addition, the time for equipment preparation is reduced since there is no need for
multiple re-sterilizations of tanks.

There are also a number of problems associated with the continuous cultivation [96,97]:

- Difficulties to control the production of secondary metabolites that are not directly
correlated with the growth of the cell population;

- Difficulties in providing stable cultivation conditions for cell cultures with high aggre-
gation level and viscosity;

- The risk of losing the culture strain due to cell mutation or due to the auto-selection of
cells with a high proliferation rate;

- The high cost and complexity of controlling and automation systems;
- The increased risk of contamination due to long cultivation cycles and the use of

additional equipment.

In continuous cultivation, the process is controlled in several ways. The chemostat
is based on measuring and regulating the parameters of the flow entering the system. In
this case, the concentration of oxygen or one of the components of the nutrient medium
supplied to the bioreactor is fixed at a level at which other nutrient components are in
excess. The rate of cell multiplication in the culture is thus limited by a concentration of a
regulated component. Wilson et al. [98] and Kurz et al. [99] were among the first to test
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the chemostat for suspension cultures of Acer pseudoplatanus L., Glycine max L. Merr., and
Triticum monococcum L. cells [98,99]. Later, a chemostat was used, to give some examples, for
Petunia hybrida E.Vilm., Catharanthus roseus, and Nicotiana tabacum L. cell cultures [100–102].

The turbidostat is based on measuring the turbidity of the outlet flow. In this case,
the change in the optical density of the cell suspension is used to regulate the rate of fresh
nutrient medium entering the bioreactor. The turbidostat is rarely used in plant cell culture
because of the narrow range of correlation between the optical density of the suspension
and the actual cell concentration [15,91,103,104].

The continuous regime is most often used to obtain the growth-associated products
of primary and secondary metabolism, to study cell populations in the phase of intensive
proliferation, and to culture cell suspensions whose growth is inhibited by cellular metabolic
products [15,96,97].

The continuous cultivation regime may be also used to study the metabolic profiles of
cell populations in the growth retardation and stationary phases; in this case, cell biomass
is not removed from the bioreactor. Such systems are called closed continuous cultivation

systems [15,91,105]. An important characteristic of the closed continuous mode is the need
for a constant supply of nutrient medium and the withdrawal of cell-free culture fluid [91].
In technical terms, this is realized with the help of peristaltic pumps, simple flow rate
meters, and tanks for nutrient medium and draining cell-free culture fluid. The technically
challenging task here is the continuous separation of cell biomass from the liquid phase,
for example, by sedimentation and/or using membranes, while maintaining cell viability
and aseptic conditions. Closed continuous systems offer a number of advantages:

- The continuous operation of the system without the problem of cell washout;
- The separated cells are protected from shear stress;
- The possibility of achieving high cell concentrations, up to 30–40 g L−1 medium;
- The intercellular contacts are increased in closed cultivation systems.

On the other hand, the closed system for large-scale cultivation of plant cells is limited
by a number of negative factors [105]:

- The high chances of cell viability reduction caused by cell separation from the culture
fluid or immobilization;

- The difficulties in controlling the growth and biosynthetic parameters of the cell population;
- The significant gradients of nutrients and oxygen within the system in case of cell

immobilization or sedimentation;
- The high cost and complexity of the additional equipment.

Cell growth and metabolite production in the closed system are mainly controlled by
manipulating the limiting substrate concentration and flow velocity as well as by removing
or reducing the concentration of growth-inhibiting metabolites secreted by plant cells to the
medium. The varying content of nutrients in the supplied medium also affects the dynamics
of intracellular metabolite accumulation. In a closed cultivation regime, cells are not washed
out from the system; hence, the flow rate of the nutrient medium may vary within a very
wide range, allowing the multifactorial control of the cultured cell population [15,91,96,105].
Closed continuous cultivation systems were used for Glycyrrhiza inflata Batalin and Anchusa
officinalis Thunb. cell culturing [106,107] and to produce recombinant proteins in plant cell
suspensions [108].

Many bioreactor systems are hybrids of the batch and continuous cultivation regimes.
This includes periodic substrate-fed cultures (the periodical addition of the nutrient
medium or individual limiting components without the removal of cell biomass) [109–112],
semi-continuous systems (the periodic addition of fresh medium, while removing part of
the cell suspension) [113,114], two-stage systems [70,115], etc. Unlike continuous culture
regimes (chemostats in particular), such hybrid systems imply periodic changes in sus-
pension volume and velocity, periodic suspension dilution, as well as varying the specific
growth rate, productivity, and other parameters [15,19,91]. Such systems are relatively sim-
ple in design and combine the advantages of continuous and periodic cultivation models:
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- Multiple options to control and optimize cultivation conditions depending on the
phase of the growth cycle, productivity, or culture age;

- Reduced risk of mutations, contamination, or cell washout during cultivation;
- A high degree of substrate utilization;
- The duration of subcultivations may be varied depending on the physiological re-

quirements of the cell population;
- No time-consuming preparation of equipment and inoculum for each new subcultiva-

tion cycle.

Combined systems better suit the purpose of upscaling the cultivation process than pe-
riodic and continuous regimes. In particular, they are efficient in studies of substrate-limited
cell growth, for the cultivation of highly aggregated or slow-growing cell suspensions,
and for the production of metabolites whose biosynthesis is not directly associated with
growth intensity [19]. For example, a semi-continuous regime was employed by Villar-
real et al. [116] for the cultivation of a Solanum chrysotrichum C.H. Wright cell suspension
in a 10 L airlift bioreactor. The authors observed a 60% increase in biomass and phy-
tochemical productivity in the bioreactor compared to batch cultivation in flasks. Choi
et al. [117] compared different regimes for a suspension cell culture of Thalictrum rugosum
Poir. The highest cell viability, growth rate, and berberine accumulation were observed
with semi-continuous cultivation. With suspension cell cultures of Taxus chinensis and
Panax notoginseng, a higher biomass and target metabolite accumulation was observed in
the substrate-fed mode compared to periodic cultivation [94,118].

3.2. The Use of Different Cultivation Regimes at the Experimental Biotechnological Facility of
the IPPRAS

Table 2 presents examples of using different operation regimes for the bioreactor
cultivation of suspension cell cultures at the Experimental Biotechnological Facility of
the IPPRAS.

Transferring cell culturing from flasks to laboratory bioreactors is the first step toward
upscaling the cultivation process. At the Experimental Biotechnological Facility of the
IPPRAS, batch cultivation has been widely used since 1979 in preliminary experiments
with laboratory and pilot bioreactors of different types to identify critical factors affecting
the productivity of various cell cultures (Figure 3a). The suspension cell cultures tested
for batch cultivation were Dioscorea deltoidea, Polyscias filicifolia, Stephania glabra (Roxb.)
Miers (synonym of S. rotunda Lour.), Panax japonicus (T. Nees) C.A.Mey., Alhagi persarum
Boiss. and Buhse (synonym of A. pseudalhagi subsp. persarum (Boiss. and Buhse) Takht.,
and some others [21,42,43,79,81,83,119]. In these studies, the batch mode was used for the
optimization of aeration and agitation regimes, gas mixture compositions, inoculum density,
the primary assessment of bioreactor-induced changes in cell aggregation, the growth
dynamics, and synthesis of target metabolites under changing cultivation conditions.

Continuous cultivation regimes have been successfully applied for Dioscorea deltoidea
and Panax japonicus cell suspensions (Table 2, Figure 3b). For example, Kandarakov et al. [82]
performed a 115-day-long experiment with Dioscorea deltoidea, switching between batch
and continuous culture regimes and testing four dilution rates. The specific growth rate
of cell suspension varied from 0.12 to 0.25 day−1 during the exponential growth phase in
batch culture and from 0.08 to 0.23 day−1 during continuous culture. A viability value of
52–90% was recorded during the whole cultivation cycle. The maximum total furostanol
glycoside content was 3.2–4.0%DW. The continuous mode significantly changed the pattern
of furostanol glycoside accumulation, likely due to the auto-selection of highly proliferating
cells. For the suspension cell culture of Panax japonicus, continuous cell cultivation (chemo-
stat) was performed for 70 days with the dilution rate 0.11–0.16 day−1. The stable growth
of the culture was demonstrated, with the maximum dry cell weight varying depending on
the dilution rate within 4.9–7.8 g L−1, a viability value of 77–84%, and the total ginsenoside
content reaching 5%DW [120].
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Figure 3. The representative growth curves of plant cell suspensions in bioreactors under different
culture regimes: (a) Dioscorea deltoidea, periodic subculture. The process was finished upon achieving
the maximum biomass accumulation on day 17 [121]; (b) D. deltoidea, semi-continuous regime (growth
curve fragment) [121]; (c) Panax japonicus, continuous cultivation regime (growth curve fragment,
medium flow with dilution rate D = 0.11 day−1 was initiated on the 15th day of cultivation) [120].
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A closed continuous regime (Table 2) was used by Oreshnikov et al. [85] for a Dioscorea
deltoidea suspension cell culture. All bioreactors were equipped with peristaltic pumps,
vessels for the nutrient medium and cell-free culture medium, and a system to separate the
cells from the medium by sedimentation. A maximum dry cell weight of 15.5 g L−1 (up
to 32 g L−1 with an increased medium supply), viability of 60–70%, and maximum total
furostanol glycoside content of 4.0–6.0%DW or up to 10%DW depending on the medium
concentration were recorded. The dilution rate was maintained at 0.15 day−1 (Table 2).
Increasing the flow rate to 0.30–0.45 day−1 (above the specific growth rate values) led to
a reduction in all culture parameters and cell lysis. Moreover, the authors demonstrated
that variations in the flow rate, the concentration of nutrient components, and the degree
of mechanical stress may be used to purposefully alter and regulate the phases of cell
development in the bioreactors.

Table 2. The different bioreactor operation regimes for the cultivation of plant cell suspensions used
at the Experimental Bitechnological Facility of the IPPRAS.

Species Bioreactor *
Cultivation

Cycle
(Days)

Maximum
Biomass

Accumulation
(gDW L−1), Cell

Viability (%)

Maximum
Metabolites Content Achieved

Operating Conditions Reference

Periodic (batch) cultivation regime

Dioscorea
deltoidea

Bubble-type
bioreactors

(no. 1)

21 10.0–11.5 g L−1 ND 27 ◦C, daylight, air flow
0.5–1.0 L min−1 [42]

15–28 9.5–10.0 g L−1 ND 27 ◦C, darkness, air flow
0.4 L min−1 [45,79,81]

MF-107 (no. 5)

21 10.0–11.5 g L−1 Diosgenin
7.4–13.7 mg gDW−1

27 ◦C, daylight, stirring rate
350–500 rpm, air flow

0.5–1.0 L min−1
[42]

14–15 9.0–9.5 g L−1 Diosgenin
6.2–6.3 mg gDW−1

26 ◦C, darkness, stirring rate
300–500 rpm, pO2 70–90% of

saturation volume
[43]

Polyscias
filicifolia

Bubble-type
bioreactors

(no. 1)
18 11.0–16.0 g L−1 ND 26 ◦C, darkness, pO2–ND

[83]

MF-107 (no. 5) 24–30 12.8–17.4 g L−1 ND 26 ◦C, darkness, pO2–ND

Stephania glabra

Bubble-type
bioreactors (no. 2) 21 8.0–16.0 g L−1,

75–90%
Stepharin

0.05–0.16%DW
26 ◦C, darkness, pO2 10–40% of

saturation volume

[119]
75 L tank bioreactor

(no. 6) 14 7.0–9.0 g L−1,
65–90% Stepharin, traces

26 ◦C, darkness, stirring rate
30–65 rpm, pO2 10–40% of
saturation volume (single

point sparger)

Alhagi persarum Bubble-type
bioreactors (no. 2) 16 13.71 ± 1.84 g L−1,

74.1 ± 2.16% ND 26 ◦C, darkness, pO2 10–40% of
saturation volume [122]

Polyscias
filicifolia

75 L tank bioreactor
(no. 6) 22 9.3–13.7 g L−1,

77–85% ND
26 ◦C, darkness, pO2 10–40% of

saturation volume (ring-type
gas distributor)

[89]

Continuous cultivation regime

Dioscorea
deltoidea MF-107 (no. 5) 115 ~12.6 g L−1,

52–90%
Total furostanol glycosides

3.2–4.0%DW

26 ◦C, darkness, stirring rate
100–360 rpm, dilution rates (D)

0.14–0.23 day−1
[82]

Panax japonicus
var. repens

Bubble-type
bioreactors

(no. 2)
86 4.9–7.8 g L−1,

77–84%
Total ginsenosides

2.5–3.0%DW

26 ◦C, darkness, pO2 10–40% of
saturation volume, D

0.11–0.22 day−1
[120]

Closed continuous cultivation regime

Dioscorea
deltoidea

Fermus-apparatus
(no. 3) 57 ~14.0 g L−1,

60–70%
Total furostanol glycosides

2.0–3.0%DW

26 ◦C, darkness, pO2 20–60% of
saturation volume, stirring rate
20–250 rpm, D 0.15 day−1 (days

20–30 and 46–57) **
[85]

AK-210 (no. 4)

19 15.0–15.5 g L−1,
60–80%

Total furostanol glycosides
4.0–6.0%DW

26 ◦C, darkness, pO2 20–60% of
saturation volume, stirring rate

20–250 rpm, D 0.15 day−1

(days 7 to 19) **

20 30–32 g L−1,
62–84%

Total furostanol glycosides
9.5%DW

Same as above, with ×2
medium concentration [123]
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Table 2. Cont.

Species Bioreactor *
Cultivation

Cycle
(Days)

Maximum
Biomass

Accumulation
(gDW L−1), Cell

Viability (%)

Maximum
Metabolites Content Achieved

Operating Conditions Reference

Semi-continuous cultivation regime

Stephania glabra Bubble-type
bioreactors (no. 2)

Multicycle
40–60

11.0–16.0 g L−1,
78–92%

Stepharin
0.06–0.16%DW

26 ◦C, darkness, pO2 10–40% of
saturation volume *** [119]

Dioscorea
deltoidea

Bubble-type
bioreactors (no. 2)

Multicycle
182

8.50–12.50 g L−1,
80–85%

Total furostanol glycosides
4.2–8.0%DW 26 ◦C, darkness, pO2 10–40% of

saturation volume ***
[124]

630 L tank
bioreactor (no 7)

Multicycle
170

8.87–11.13 g L−1,
79–86%

Total furostanol glycosides
7.7–13.9%DW

Polyscias
filicifolia

630 L tank
bioreactor (no. 7)

Multicycle
112

10.8–16.2 g L−1,
79–87% ND 26 ◦C, darkness, pO2 10–40% of

saturation volume *** [89]

Taxus
wallichiana

Bubble-type
bioreactors (no. 2)

Multicycle
75

10.5–17.5 g L−1,
~90%

Yunnanxane
0.08–0.36 mg gDW−1

taxuyunnanine C
0.09–0.34 mg gDW−1

paclitaxel 0.06–0.15 mg gDW−1
26 ◦C, darkness, pO2 10–40% of

saturation volume ***
[88]

75 L tank bioreactor
(no. 6)

Multicycle
140

9.5–13.0 g L−1,
~90%

Synenxane C ~0.55 mg gDW−1

yunnanxane ~0.1 mg gDW−1

Polyscias
fruticosa

Bubble-type
bioreactors (no. 2)

Multicycle
204

6.31–7.31 g L−1,
70–90%

Ladyginoside A
0.66–0.79 mg gDW−1

PFS 0.78–1.03 mg gDW−1

26 ◦C, darkness, pO2 10–40% of
saturation volume *** [86]

Panax japonicus 630 L tank
bioreactor (no. 7)

Multicycle
115

8.7–10.2 g L−1,
86–90%

Total ginsenosides
~7.5%DW

26 ◦C, darkness, pO2 10–40% of
saturation volume *** [87]

* Numbers in parentheses correspond to the bioreactor numbers in Table 1. ** Equipment to support the closed
continuous regime and separate cells from the medium was mounted into the bioreactor. *** To maintain
the semi-continuous cultivation, the fresh nutrient medium was fed into bioreactors at the beginning of the
stationary growth phase of each subculture cycle until the suspension was diluted to a cell concentration of
X0 = ~1.4 gDW L−1 for S. glabra, X0 = 1.4–2.3 gDW L−1 for P. japonicus, X0 = 1.5–2.0 gDW L−1 for P. filicifolia and
P. fruticosa, X0 = 2.0–2.5 gDW L−1 for D. deltoidea, and X0 = 2.0–3.0 gDW L−1 for T. wallichiana. ND—No data;
μ—the specific growth rate calculated on a dry weight basis; DW—dry weight; pO2—the concentration of
dissolved oxygen; X0—initial dry cell biomass weight; D—dilution rate; PFS—28-O-β-D-glucopyranosyl ester
of oleanolic acid 3-O-β-D-glucopyranosyl-(1→4)-β-D-glucuronopyranoside. Different strains of D. deltoidea cell
culture varying in productivity and the ratio of steroidal glycoside content were used in the course of facility
operation [39].

The semi-continuous cultivation of plant cell suspensions was successful in bioreac-
tors with a total volume from 10 to 630 L equipped with different stirring devices. Since
1993, repeated experiments have been performed on long-term cell cultivation in all types
of bioreactors for different cell suspension cultures. The process of suspension removal
and medium refilling was initiated once the suspension reached the cell density corre-
sponding to the beginning of the growth retardation phase. After harvesting a portion
of the suspension from a bioreactor, the remaining cell culture was diluted with fresh
medium until reaching the minimum cell concentration, allowing further growth without
the lag phase (usually above 1.0–2.5 gDW L−1). In the course of the cultivation, the physi-
ological parameters and productivity by biomass and target metabolites were evaluated.
Stirring and aeration regimes were selected experimentally for each culture considering the
following requirements:

- The dissolved oxygen concentration (pO2) should remain above 10–15%;
- The stirrer rotation speed should be adjusted to aeration intensity to avoid any “dead”

zones in the bioreactor.

The semi-continuous cultivation was successfully developed for the suspension cell
cultures of Stephania glabra, Dioscorea deltoidea, Polyscias filicifolia, Taxus wallichiana, Polyscias
fruticosa, and Panax japonicus (Table 2, Figure 3c). After the optimization of cultivation
conditions, all cell suspensions in bioreactors retained their growth and biosynthetic char-
acteristics at the flask culture level.
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4. Strategies for Upscaling the Cultivation Process

One of the greatest problems to solve while transferring the process of cultivation
from flasks to bioreactors is the optimization of aeration and mixing conditions for each
specific cell strain, including the selection of the optimal design of the bioreactor internal
space [125–128].

4.1. Mixing

During the cultivation of plant cell suspensions, constant mixing serves two main
purposes [19,105]:

- Providing mass transfer between the gas, liquid, and solid phases of the suspension;
- Maintaining homogeneous chemical and physical conditions in the system for a

uniform distribution of the nutrients and gases, heat transfer, and dispersion of
cell biomass.

In flask cultures, these principles are realized by the constant agitation of cell sus-
pensions on rotary shakers. In bioreactors, mechanical stirring, suspension mixing by
compressed air, or a combination of these approaches are applied [105,127]. However,
the larger the size and more complex the configuration of the cultivation system, the
more difficult it is to achieve uniform mixing. Temperature gradients, fluctuations in the
concentrations of limiting substrates, the formation of so-called “dead zones”, etc. are
often observed in bioreactors of semi-industrial and industrial scales. The efficiency of
mixing is also significantly influenced by the rheological characteristics of the cell suspen-
sions [19,67,127].

Additional difficulties are associated with the sensitivity of plant cells to hydrody-
namic and mechanical stress. Hydrodynamic (shear) stress contributes to changes in cell
morphology and metabolism, the release of intracellular compounds, and a decrease in
viability. For example, a sensitivity to mechanical agitation has been demonstrated for
tobacco (Nicotiana tabacum) cells cultured in a stirred-tank bioreactor, where the maximum
total biomass density decreased by 27% (from 11.8 g to 8.6 gDW L−1) with the increasing of
the impeller speed from 100 rpm to 325 rpm [129]. Simultaneously, rapid mixing resulted
in a high number of visibly damaged and deformed cells [129]. A comparatively higher
tolerance to shear stress was shown for Morinda citrifolia L. cell culture, where turbine
stirring had no detrimental effect on growth. Nevertheless, at a high agitation speed,
the accumulation of anthraquinone in the cells was lower than in the flask culture [130].
Hydrodynamic stress led to a decrease in the intracellular adenosine triphosphate (ATP)
content and the respiratory activity of Carthamus tinctorius L. cell culture, and these changes
long preceded cell lysis and membrane damage [131].

The stress effect during stirring is usually minimized by the culture-targeted opti-
mization of bioreactor designs, in particular, by the individual selection of stirrers and gas
distribution devices [67,92,127,132,133], the stirring condition (stirrer rotation speed and
air supply rate) [67,127,132,133], as well as the selection or creation of cell strains resistant
to shear stress, while maintaining high productivity [19,134,135]. For example, with Coleus
blumei cells, the spiral stirrer provided a 1.5–2 times higher productivity of rosmarinic
acid compared to the airlift stirring system and anchor stirrer [35]. Pavlov et al. [136] ex-
perimented with the stirrer rotation speed and its effect on the biomass and secondary
metabolite productivity of the suspension cell culture of Lavandula vera DC, grown in a 3 L
bioreactor with a propeller-type stirrer, and they recorded the maximum growth perfor-
mance at 100 rpm and the maximum yield of rosmarinic acid at 300 rpm. Zhong et al. [137]
cultured Perilla frutescens (L.) Britton cell suspension in a bioreactor with a marine-type im-
peller and found that the impeller tip speed of 0.5–0.8 m s−1 most favored the accumulation
of cell biomass and anthocyanins.

In general, it should be noted once again that the response of plant cell cultures to
hydrodynamic stress is individual and depends both on the nature and intensity of the
stress and on the physiological state of the cell culture, the age of the population (cells are
most susceptible to stress in the lag phase and stationary phase of the growth cycle), the
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concentration of components in the nutrient medium, the presence of inhibitory metabolites,
etc. The hydrodynamic effects of mixing should be particularly considered in large-scale
cultivation processes [19,128,138,139].

4.2. Aeration

Along with stirring, constant aeration is necessary to achieve the homogeneity of the
cell suspension, to increase the rate of the mass exchange of nutrients and products of
metabolism, as well as to supply plant cells with oxygen during cultivation [19,68,140,141].

Plant cell respiration is a complex process of thoroughly regulated redox reactions that
serve as a source of convertible forms of cellular energy, such as a pH gradient (ΔμH+) and
ATP, and intermediate metabolites involved in various biosynthetic pathways. The electron-
transport respiratory chain of plant cells is known to operate two pathways of electron
transfer: the main cytochrome pathway (via cyanide-sensitive cytochrome oxidase) and a
cyanide-resistant alternative pathway (AP) [142]. Their contribution to the total oxygen
uptake varies within a rather wide range and depends on many factors, in particular, on
the content and activity of the corresponding enzymes, the degree of electron transfer
inhibition, the availability of respiratory substrates, and others [142–145].

An alternative transport provides an electron transfer from ubiquinone to oxygen,
bypassing two parts of the electron-transport chain (complexes III and IV), thus being
energetically less efficient than the cytochrome pathway. However, studies confirm the
important role of AP in the maintenance of plant cell metabolism [142,143,145]. Moreover,
AP regulates the balance of reduced electron transporters, reducing the possibility of
reactive oxygen species formation, and it may also promote the active growth of plant
cells [146]. The activation of AP in response to negative external factors suggests its
participation in signaling mechanisms of plant cell defense against different types of
stresses [146–149].

The measurement of the total oxygen uptake rate is a common method for monitoring
the metabolic activity of plant cells during flask or bioreactor cultivation and can adequately
indicate the response of cell cultures to changing conditions, including temperature, pH,
osmotic stress, nutritional deficiencies, pathogen attack, etc. [143,147,150–152]. However,
the link between different respiratory metabolic pathways, cell growth, and secondary
metabolite biosynthesis in plant cell culture has rarely been studied so far. High cellu-
lar respiratory activity promotes intensive growth and biosynthesis processes; therefore,
the constant aeration of suspension cultures is necessary to maintain aerobic growing
conditions as well as to dissipate possible excess heat generated during the cultivation
process [68,145,153].

To prevent an oxygen limitation of cell suspension growth, the dissolved oxygen (dO2)
concentration in the culture medium is usually maintained at a minimum of 10–15% of
saturation [51]. The general O2 uptake rate for plant cells has been shown to vary within the
range of about 5–10 mmol O2 (L·h)−1, compared with 10–90 mmol O2 (L·h)−1 for microbial
cells and 0.05–10 mmol O2 (L·h)−1 or 0.02–0.1×10−9 mmol O2 (cell·h) −1 for mammalian
cells, depending on the individual characteristics of the cell lines, cultivation conditions,
phases of the growth cycle, etc. [26,51,94]. For example, for Thalictrum minus L. cells
actively synthesizing berberine, a twofold increase in the rate of oxygen consumption was
observed compared to non-producing cells [154]. Pavlov et al. [136] conducted experiments
to study the effects of different concentrations of dissolved oxygen (within 10–50% of
the saturation level) on growth and rosmarinic acid production in a cell suspension of
Lavandula vera. The maximum productivity of both the biomass and rosmarinic acid
was observed at dO2 30–50% of the saturation level, while reducing dO2 to 10% of the
saturation level resulted in a significant decrease in all physiological parameters. This was
consistent with the observation of other authors [18,155] that an increased dO2 level led
to the enhanced respiratory activity and an intensified synthesis of β-glucoronidase and
phenolic compounds in Nicotiana tabacum cell culture. The effect of dO2 on the growth and
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accumulation of secondary metabolites has also been shown for other cultures, including
Perilla frutescens and Catharanthus roseus [156].

At present, various gas-distributing devices are used for the aeration of the suspension
cultures of plant cells grown in bioreactors: single point spargers, rings, lattices, etc. The
design of the sparger is selected individually for each cell line/bioreactor type to ensure
the optimal air flow without extensive turbulence and promote mass transfer throughout
the working volume of the bioreactor. A diameter of the sparger holes of 1–3 mm allows for
the efficient dispersion of air bubbles and prevents their clumping and aggregation [127].
Similar to microbiological processes [65,128,157,158], comprehensive studies of aeration
efficiency, including automatic measurements of oxygen consumption by cells, and various
methods of analyzing the solubility of oxygen and carbon dioxide in the nutrient medium
may be useful to evaluate the physiological state of plant cell cultures during cultivation in
flasks and bioreactors of different volumes [140,159,160].

4.3. Oxygen Mass Transfer Coefficient (KLα)

The difference in the hydrodynamic conditions and mass transfer characteristics of
the systems must be taken into account when transferring plant cell cultivation from
flasks to industrial bioreactors [19,127,139,161,162]. The upscaling process was previously
performed using the “theory of similarities” considering geometric, kinematic, and dynamic
properties, each with its own criteria and differential equations describing the cultivation
process. However, this approach resulted in an abundant number of criteria that should
be satisfied simultaneously during upscaling, which often led to contradictory results;
therefore, the principle of geometric similarity was abandoned for simplicity [127,163–165].

As mentioned above, the efficiency of bioreactor cultivation is largely determined by
the interaction of the growing cell population with the environment, including the transport
of nutrient components and gaseous substances from the medium to the cell surface and
the removal of cell metabolic products from the cell surface to the medium. This dynamic
exchange is, in turn, affected by the hydrodynamic conditions in the bioreactor. Depending
on the intensity of the agitation and aeration, the ratio between the turbulent and molecular
diffusion changes, causing different mass transfer rates [18,127,163–165].

It is crucial to maintain the most suitable conditions of mass transfer, i.e., an optimal
hydrodynamic environment, in the process of cell growth in the bioreactor as determined
by the conditions of the energy input and the type of bioreactor used [18,127,164,165].
By analogy to microbial and animal cultivation systems, the volumetric coefficient of the
oxygen mass transfer (KLα) was proposed as one of the key criteria to consider when
upscaling the process of plant cell cultivation. For example, the importance of oxygen
transfer and its limitations have been demonstrated in scaling up the cultivation of the
suspension cell cultures of Nicotiana tabacum [129], Digitalis lanata [166], Panax ginseng [153],
and Taxus chinensis [167,168]. However, the use of these criteria is only effective when the
same macro- and micro-mixing conditions are maintained during the transition from the
laboratory to industrial bioreactors.

It is worth noting that the scaling principles for the bioreactor cultivation of plant
cells are still being developed. From the technological viewpoint, plant cell cultures are
challenging to work with, hence the difficulties to standardize and unambiguous specify
the critical scaling parameters for each cell strain [52,54].

4.4. Scale-Up Technologies at the Experimental Biotechnological Facility of the IPPRAS

As already mentioned, plant cell cultivation in bioreactors is usually focused on
scaling up the developed and optimized technological processes from smaller to greater
volumes using cell strains with known growth and biosynthetic performance. However, it is
usually quite difficult to accurately predict adaptive changes in the cell cultures upon their
transfer to bioreactors and to precisely match the geometric and technological aspects of the
equipment to the culture’s needs. In our studies, this problem was approached by stepwise
analysis of the critical parameters reflecting the physiological state of plant cell cultures at
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all stages of the upscaling process, from flasks to industrial bioreactors. The development
and optimization of the technology for the industrial cultivation of suspension cell cultures
was mainly focused on Dioscorea deltoidea, Polyscias filicifolia, Panax japonicus, and Taxus
wallichiana [21,87–89,124,169]. For these cell cultures, changes in growth dynamics and the
accumulation of secondary metabolites between the different stages of the upscaling process
(Figure 4) were identified and critically analyzed. The changes in the main physiological
parameters demonstrated cell strains’ ability to adapt to a new cultivation system. The
semi-continuous cultivation was selected for upscaling as the most flexible and productive
regime both in terms of biomass and secondary metabolite yield (Table 2). Bubble-type
bioreactors (total volume 20–630 L, Figure 4) were chosen for the upscaling scheme based
on the highest growth and biosynthetic characteristics of the cell strains observed in this
type of bioreactors [83,87,88,124]. Bioreactors with a 20 L volume were inoculated directly
from flasks. The cell suspension produced in bioreactors of the smaller volume was used to
inoculate the larger ones (Figure 4). Our results demonstrated that ring-type aerators were
more suitable than single point spargers for maintaining optimal mass transfer conditions
in bioreactors of different volumes. Cultivation in mechanically stirred bioreactors usually
resulted in lower growth and biosynthetic characteristics and could only be recommended
for short-term use.

 

Figure 4. The scheme for upscaling the cultivation of plant cell suspensions in bioreactors at the
Experimental Biotechnological Facility of the IPPRAS, from the flask culture to dry biomass product.

Important information about the physiological state of the cell population during the
cultivation and upscaling process can be obtained by analyzing cells’ respiration activity. In
particular, a correlation between the changes in the respiration intensity and the dynamics of
secondary metabolite accumulation was observed for Dioscorea deltoidea and Panax japonicus
cell cultures: the maximum rate of oxygen uptake was recorded before the beginning of
active metabolite synthesis, i.e., in the lag phase for D. deltoidea and in the exponential
phase for P. japonicus. In other words, during plant cell cultivation, the oxygen supply rate
should be set depending on the culture’s biosynthetic activity [124,170]. Moreover, the
activity of alternative oxidase in Dioscorea deltoidea cell culture was significantly affected
by the cultivation conditions and, in particular, by the mass-exchange characteristics of
the bioreactors. When the cell suspension was cultured in bubble-type bioreactors of
different volumes with a different sparger configuration, the highest level of cyanide-
resistant respiration was recorded for the 20 L bioreactors with a single point aerator, which
corresponded to minimum KLα values and the lowest production of cell biomass and
furostanol glycosides. Probably, this effect was due to a non-uniform distribution of oxygen
in the culture medium [124].

The reproducibility of the main growth and biosynthetic characteristics of selected
strains during prolonged cultivation in bioreactors is fundamentally important for the
development of industrial technologies. The scale-up cultivation of the suspension cell cul-
tures of Dioscorea deltoidea, Polyscias filicifolia, and Panax japonicus using the semi-continuous
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regime has been repeated multiple times during the past 20 years, with similarly high
growth and biosynthetic parameters successfully reproduced for all of them (Table 3).

Table 3. Examples of cell culture strains adapted for large-scale (630 L) bioreactor cultivation at the
Experimental Biotechnological Facility of the IPPRAS to produce useful health products *.

Suspension Cell Culture Metabolites Produced
Biological and Pharmacological

Activities
Reference

Dioscorea deltoidea, strain
DM-05-03

25(S)- and 25(R)-deltoside isomers,
25(S)- and 25(R)-protodioscin

isomers, dioscin

Bioreactor-produced cell biomass was
assessed for elemental composition and
toxicology, and it demonstrated positive

effects in rats with induced type 2 diabetes
mellitus and obesity

[21,124,171,172]

Panax japonicus, strain 62

Ginsenosides:
PPD: Rb1, Rc, Rb2/Rb3, Rd;

PPT: Rg1, Re, Rf;
OA: R0, chikusetsusaponin IVa;

malonylated derivatives
of ginsenosides

Bioreactor-produced cell biomass was
assessed for elemental composition and
toxicology and exhibited hypoglycemic
and hypocholesterolemic activity in rats

with diet-induced obesity

[87,169,173]

Polyscias filicifolia, strain BFT-01-95
Triterpene glycosides of the

oleanane type: PFS, ladyginoside
A, polysciosides A–E

Bioreactor-produced cell biomass has
documented adaptogenic and

anti-teratogenic activities and is currently
used in commercial food supplements

[89,174,175]

*—upscaling scheme as in Figure 4. PPD—20(S)-protopanaxadiol group; PPT—20(S)-protopanaxatriol group;
OA—oleanolic acid group; PFS—3-O-[β-D-glucopyranosyl-(1→4)-β-D-glucuronopyranosyl] oleanolic acid 28-O-
β-D-glucopyranosyl ester.

The cell biomass of Dioscorea deltoidea and Panax japonicus produced in industrial
bioreactors contained essential macro- (K, Ca, Mg, Na) and micro- (Zn, Mn, Fe, B, Al,
Cu) elements in dietary safe concentrations [21,87]. Toxicology analysis on in vivo mod-
els revealed little or no effect of the cell biomass of these cultures on the animal state,
organ weights, and the hematological and biochemical parameters of the blood [21,87].
Phytopreparations based on the cell culture extracts of bioreactor-produced P. japonicus,
D. deltoidea, and Tribulus terrestris L. also demonstrated positive effects in rats with induced
type 2 diabetes mellitus and diet-induced obesity [171,172].

5. Conclusions

The Experimental Biotechnological Facility of the IPPRAS was established in the 1970s
as the first Russian center for biotechnological research and the production of plant cells
and phytochemicals. After multi-year tests and the adaptation of bioreactors with different
designs and operation regimes, a cascade of bioreactor pipelines from the laboratory (20 L)
to industrial (630 L) scale were developed and optimized for cell cultures of medicinal
plants, including Polyscias filicifolia, Panax japonicus, Dioscorea deltoidea, and Taxus wallichiana.
The main growth and biosynthetic characteristics for all tested cell strains remained stable
and were successfully reproduced during repeated long-term bioreactor cultivation. The
maximum duration of semi-continuous cultivation in the industrial bioreactor reached
170 days. During the scaling up of the cultivation process to industrial volumes, all strains
maintained an active synthesis of target metabolites (ginsenosides, furostanol-type glyco-
sides, triterpene glycosides of the oleanane type, and taxanes) at a sufficiently high level,
mostly corresponding to those recorded for flask cultures [21,87,171,172]. A minor decrease
in the productivity of secondary metabolites and a reduction in all physiological parameters
was observed only for the pilot (75 L) bioreactor with a single point sparger combined
with mechanical agitation, which was likely due to cell culture response to intense shear
stress. The highest productivity of secondary metabolites was recorded for the industrial
bubble-type bioreactor with a ring sparger, and the hydrodynamic conditions of this model
were considered the most appropriate for the cultivation of plant cell suspensions.

In general, the scale-up experiments have demonstrated the high sensitivity of plant
cell suspension cultures to even minor modifications in cultivation systems. The level
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of biomass and secondary metabolite accumulation was notably affected by bioreactors’
technical characteristics, such as the design, aeration, and mixing intensity, as well as their
cultivation conditions (media composition, inoculum, etc.). This is consistent with the
literature data [52,54,56,164,176–178] on the lack of uniform and comprehensive scaling cri-
teria for geometrically and structurally dissimilar bioreactor systems. Much of the success
depended on the ability of the cells to adapt to the stress caused by bioreactor cultivation.
Modifications of the cultivation conditions had a stronger effect on the biosynthetic charac-
teristics of the cell cultures than on the growth parameters. It was critically important to
tailor both the operation regime and the cultivation conditions, particularly the aeration
and mixing rates, depending on the bioreactor type and cell strain.

In conclusion, the research team of the Experimental Biotechnological Facility of
the IPPRAS developed effective systems, methods, and criteria for scaling up the plant
cell cultivation process from flasks to bioreactors of industrial volumes. These results
will be helpful for the development of green biotechnological platforms and production,
assessments, and the certification of plant cell biomass as a sustainable component of
functional foods, food additives, and natural health products.
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Abstract: Sageretia thea is used in the preparation of herbal medicine in China and Korea; this plant
is rich in various bioactive compounds, including phenolics and flavonoids. The objective of the
current study was to enhance the production of phenolic compounds in plant cell suspension cultures
of Sageretia thea. Optimum callus was induced from cotyledon explants on MS medium containing
2,4-dichlorophenoxyacetic acid (2,4-D; 0.5 mg L−1), naphthalene acetic acid (NAA, 0.5 mg L−1),
kinetin (KN; 0.1 mg L−1) and sucrose (30 g L−1). Browning of callus was successfully avoided by
using 200 mg L−1 ascorbic acid in the callus cultures. The elicitor effect of methyl jasmonate (MeJA),
salicylic acid (SA), and sodium nitroprusside (SNP) was studied in cell suspension cultures, and
the addition of 200 μM MeJA was found suitable for elicitation of phenolic accumulation in the
cultured cells. Phenolic and flavonoid content and antioxidant activity were determined using 2,2
Diphenyl 1 picrylhydrazyl (DPPH), 2,2′-azino-bis (3-ethybenzothiazoline-6-sulphonic acid (ABTS),
ferric reducing antioxidant power (FRAP) assays and results showed that cell cultures possessed
highest phenolic and flavonoid content as well as highest DPPH, ABTS, and FRAP activities. Cell
suspension cultures were established using 5 L capacity balloon-type bubble bioreactors using 2 L
of MS medium 30 g L−1 sucrose and 0.5 mg L−1 2,4-D, 0.5 mg L−1 NAA, and 0.1 mg L−1 KN. The
optimum yield of 230.81 g of fresh biomass and 16.48 g of dry biomass was evident after four weeks of
cultures. High-pressure liquid chromatography (HPLC) analysis showed the cell biomass produced
in bioreactors possessed higher concentrations of catechin hydrate, chlorogenic acid, naringenin, and
other phenolic compounds.

Keywords: antioxidant activity; bioreactors; catechin; cell suspension cultures; chlorogenic acid;
elicitation; phenolics; flavonoids

1. Introduction

Sageretia thea (Osbeck) M.C. Johnst. belong to the family Rhamnaceae is an evergreen
shrub that grows up to 3 m high; spines few to numerous; branchlets glabrous to pubescent.
The native range of this species is Eritrea to North Somalia, Arabian Peninsula, Central and
South China to Peninsula Malaysia, and Temperate East Asia (Korea and Japan). It is a
scrambling shrub and grows primarily in the subtropical biome [1]. It is commonly called
‘Sweet plum’ or ‘Chinese sweet plum’ since it bears plum-like fruits that are edible and
possess’ higher nutritional value [2]. Fruits are rich in minerals, organic acids, and fatty acids.
They are also abundant with phenolics, flavonoids, and anthocyanins [2]. S. thea plants are
usually used in the preparation of bonsai plants that are having a very high ornamental value
in China, Korea, and Japan. The leaves are used in the preparation of green tea. Traditionally
S. thea is used in the preparation of herbal medicine for the treatment of hepatitis and fever
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in China and Korea [3–5]. Various bioactive compounds such as friedelin, synergic acid,
betasitosterol, daucosterol, gluco-synrigic acid, and taraxerol were isolated from the aerial
parts of S. thea [6]. Several flavanol glycosides, namely, 7-O-methylmearnsitrin, myricentrin,
kaempferol 3-O-R-L-rhamonopyranoside, europetin 3-O-R-L-rhamonisde, and 7-O-methyl
quercetin 3-O-R-L-rhamnopyranoside have been sequestered from leaves of S. thea [7]. Myric-
trin and 7-O-methylmearnsitrin have demonstrated a strong in vitro antioxidant activity
higher than α-tocopherol [7]. Besides, flavonoid-rich fractions obtained from leaves S. thea
have shown a protective effect on low-density lipoprotein against oxidative modifications [3].
Pharmaceutical analysis of the fruits of S. thea has exhibited antioxidant, anti-diabetic, and
anti-melanogenesis activities [2,8]. The leaf extracts have displayed the inhibition of oxidation
of low-density lipoprotein through their antioxidant and HIV type 1 protease activities [2].
Furthermore, leaf extracts have demonstrated anticancer activities against human breast
cancer (MDA-MB-231) and colorectal cancer cells (SW 480) [9,10]. In view of the above, S. thea
raw material has been used in the pharmaceutical and cosmetic industries.

There is a tremendous demand for S. thea raw material by the pharmaceutical and cos-
metic industries in Korea and Japan. Recently, plant cell and organ cultures have emerged
as alternatives for the production of plant-based raw materials for the cosmetic and food
industries [11,12]. Plant cell and organ cultures are advantageous options for the produc-
tion of bioactive compounds for biomedical and cosmetic purposes because they represent
standardized, contaminant-free, and bio-sustainable systems [13–16]. Cell and organ culture
system has been successfully established in many plants such as Panax ginseng [17,18], Echinacea
species [19], Eleutherococcus species [20], Hypericum peforatum [21], Dendrobium candidum [22,23]
and biomass produced in bioreactor system is successfully used in nutraceutical and cosmetic
industries. The hypothesis to be tested in this study is the verify the effect of growth regulators,
and elicitors on cell suspension cultures of S. thea, on biomass and secondary metabolites
production. Furthermore, to verify the possibilities of production of S. thea on biomass and
secondary metabolites in bioreactor cultures. In the current study, we are aiming at the produc-
tion of phenolic compounds from the cell culture of S. thea, we established a cell culture system
in flasks and balloon-type bioreactor cultures. We also adopted elicitation technology for the
hyperproduction of phenolics in cell cultures of S. thea.

2. Results

2.1. The Effect of Growth Regulators and Explant Type on the Callus Induction

The results of the effect of growth regulators and explant type on callus induction
of S. thea are presented in Figure 1. MS medium supplemented with 2,4-D at 1 mg L−1

triggered 31.7%, 46.7%, 56.7%, and 20% callus induction from complete seed, seed halves,
cotyledon, and leaf explants respectively. Addition of BA (0.1 mg L−1) or KN (0.1 mg L−1) to
the 2,4-D containing medium or combination of 2,4-D (1 mg L−1), NAA (0.1 mg L−1), BA
(0.1 mg L−1) or 2,4-D (0.5 mg L−1), NAA (0.5 mg L−1), BA (0.1 mg L−1) has not triggered
a further improvement in the induction of callus (Figure 1). However, a combination of
2,4-D (1.0 mg L−1), NAA (0.1 mg L−1), KN (0.1 mg L−1), and 2,4-D (0.5 mg L−1), NAA
(0.5 mg L−1), BA (0.1 mg L−1) has involved in the induction of higher amount of callus
from various explants of S. thea (Figure 1). On medium supplemented 2,4-D (1.0 mg L−1),
NAA (0.1 mg L−1), KN (0.1 mg L−1) 23.3%, 80.0%, 96.7%, and 26.7% callus was induced
from seed, seed halves, cotyledon, and leaf explants, respectively (Figure 1), however, along
with callus adventitious root regeneration was recorded on this medium. Whereas, on
MS medium supplemented with 2,4-D (0.5 mg L−1), NAA (0.5 mg L−1), BA (0.1 mg L−1)
seed, seed halves, cotyledon, and leaf explants have developed 15.0%, 43.3%, 93.3%, and
36.7% callus respectively and there was no adventitious roots development with such callus
(Figures 1 and 2). Of the four explants used (seed, seed halves, cotyledons, and leaf explants),
auxins and cytokinins and explants vs. culture medium showed statistical significance
(F value 13.83, degree of freedom 27, and p-value ≤ 0.05) (Figure 1). Seed-derived callus was
friable and light yellow (Figure 2), whereas the callus induced from cotyledon, both compact
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and friable, subsequently turned creamy in color. Callus derived from leaf explants was
brown in callus; however, it did not survive in subsequent subcultures (Figure 2).

Figure 1. Effect of plant growth regulators on callus induction seed, half seed, cotyledon, and leaf
explants of S. thea on MS medium containing 2,4-D, NAA, BA, and KN after 4 weeks of culture. Mean
values with different alphabetical letters denote significant differences between the values according
to Tukey’s test at p ≤ 0.05. *** Explants (A) and culture medium (B) effects are statistically significant
at p ≤ 0.05.

 

Figure 2. Callus induced from seed, half seed, cotyledon, and leaf explants of S. thea on MS medium
containing 2,4-D, NAA, BA, and KN after 4 weeks of culture. Scale bars = 1 cm.
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2.2. Selection of Friable Callus

Histological analysis of calli-derived from seeds, cotyledons, and leaves was of the
following five different types: white, hard, soft, yellowish, and brown (Figure 3). Among
these types, soft and yellowish callus possessed actively dividing cells with intercellular
spaces and prominent nuclei. Whereas white, hard, and brown calli possess compactly
arranged cells and had large vacuoles (Figure 3). In addition, this callus showed starch
granules and thick cell walls and was not involved in cell division. Thus, the soft and
yellowish callus bore rapidly dividing cells, which are composed of loosely arranged,
undifferentiated cells.

 

Figure 3. Morphological and histological features of callus regenerated from different explants of
S. thea. Scale bar = 100 μm. Red arrows indicate starch grains.

2.3. Effect of Antioxidants on Callus Proliferation and Overcoming the Problems of Browning of
the Medium

The callus, which was friable and actively growing, were sub-cultured on MS medium
supplemented with 2,4-D (0.5 mg L−1), NAA (0.5 mg L−1), and KN (0.1 mg L−1) for the
proliferation of callus. However, the accumulation of phenolics and medium browning
was a problem in subsequent cultures. Therefore, in the current study, callus of S. thea
was sub-cultured on a medium containing 0, 100, 200 mg L−1 ascorbic acid (ASA) or 0, 10,
20 mg L−1 citric acid (CA) or 0, 10, 20 mg L−1 polyvinyl pyrrolidone (PVP) to overcome
the problems of browning of callus and results are presented in Figure 4. The callus extract
of brown callus showed an absorbance of 0.19 with a spectrophotometer at 420 nm. In
contrast, the callus treated with 200 mg L−1 ASA did not involve browning, and such callus
extract showed an optical absorbance of 0.01 at 420 nm (F value 3.83, degree of freedom
6, and p-value ≤ 0.05) (Figure 4A). Furthermore, the callus treated with 200 mg L−1 ASA
was involved in rapid growth and attained a biomass of 1.04 g fresh weight per callus
mass (F value 3.83, degree of freedom 6, and p-value ≤ 0.05) (Figure 4B). Whereas the other
treatments, such as treatment with CA and PVP, were not beneficial, and they could not
control the browning of callus completely (Figure 4C).

86



Plants 2023, 12, 1390

 

Figure 4. Morphological features of callus after treatment with 100, 200 mg L−1 ascorbic acid (ASA)
or 10, 20 mg L−1 citric acid (CTR) or 10, 20 mg L−1 polyvinyl pyrrolidone (PVP). (A) Shows the
absorbance of cell extract at 420 nm on a spectrophotometer, (B) shows the fresh weight of the callus,
and (C) the morphology of the callus with different treatments. Different letters indicate mean values
which are significantly different at p ≤ 0.05 according to Tukey’s test.

2.4. Establishment of Suspension Cultures in Erlenmeyer Flasks and Elicitation

Erlenmeyer’s flasks were used for the initial cell suspension research. S. thea cell
suspension cultures that were cultured using MS liquid medium supplemented with 2,4-D
(0.5 mg L−1), NAA (0.5 mg L−1), and KN (0.1 mg L−1) showed an initial lag phase for seven
days (one week) and exponential phase from 7 to 21 days (up to three weeks) in culture,
after that cell entered into stationary phase. After two weeks of culture initiation, elicitors
including sodium nitroprusside (SNP; nitric oxide producer), methyl jasmonate (MeJA), and
salicylic acid (SA) were added to cell suspension cultures of S. thea to test the concentration
and effectiveness of the elicitor on the biosynthesis of phenolic compounds. The results of
elicitor treatment depicted that the growth and accumulation of biomass were inhibited
with the addition of elicitors SNP and MeJA (Figure 5A,B). MeJA specifically inhibited the
accumulation of biomass with the increment in the concentration of MeJA (F value 3.83,
degree of freedom 6, and p-value ≤ 0.05) (Figure 5A). The biomass accumulated in the
control was 21.4 g after four weeks of culture, and it was reduced to 15.1 g, 13.5 g, and 12.5 g
with the addition of 50, 100, and 200 μM, respectively. A similar decrease in biomass content
was also noticed with SA treatments. Nevertheless, there was an increment accumulation
of total phenolics and total flavonoids that was evident with MeJA treatments (Figure 6). Of
the various elicitors tested, MeJA was efficient in triggering the accumulation of phenolic
and flavonoid contents in the cultured cells of S. thea (Figure 6). The amount of phenolic
content was 5.9 mg g−1 GAE with control cultures, whereas, in MeJA-treated cell cultures,
the concentration of total phenolics was 37.5, 36.9, and 34.5 mg g−1 GAE (F value 3.83,
degree of freedom 6, and p-value ≤ 0.05) (Figure 6). Similarly, the amount of total flavonoids
was 1.6 mg g−1 CAT equivalents in the control, while the total flavonoid content was 18.4,
17.5, and 15.1 mg g−1 CAT equivalents with different concentrations of MeJA treatments
(F value 3.83, degree of freedom 6, and p-value ≤ 0.05) (Figure 6). We carried out an
antioxidant analysis of extracts of S. thea cell cultures that were treated with different
elicitors, and the results are presented in Figure 7 (F value 3.83, degree of freedom 6, and
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p-value ≤ 0.05). Analysis of DPPH radical scavenging activity (Figure 7A), ABTS radical
scavenging activity (Figure 7B), and FRAP assay (Figure 7C) all demonstrated that extracts
obtained from MeJA elicited cell cultures possessed the highest activities compared to cell
extracts of SA and SNP-treated cultures and even control. The IC50 values ABTS scavenging
activity were in the range of 0.6–0.8 mg mL−1 with the MeJA treated extracts, whereas
it was 9.3 mg mL−1 with the control cell extracts (Figure 7D). These results demonstrate
that MeJA-treated cells are actively involved in secondary metabolism and involved in the
enhanced accumulation of bioactive compounds.

Figure 5. Effect of elicitor treatments on biomass accumulation in cell suspension cultures (A).
Biomass growth with the increment of elicitor concentrations compared to control (B). SA—salicylic
acid, SNP—sodium nitroprusside, MeJA—methyl jasmonate. Different letters indicate mean values
which are significantly different at p ≤ 0.05 according to Tukey’s test.

 
Figure 6. Effect of elicitor treatments on the accumulation of total phenolics and flavonoids in cell
suspension cultures. SA—salicylic acid, SNP—sodium nitroprusside, MeJA—methyl jasmonate.
Different letters indicate mean values which are significantly different at p ≤ 0.05 according to
Tukey’s test.
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Figure 7. Effect of elicitor treatments on antioxidant activity in cell suspension cultures. SA—salicylic
acid, SNP—sodium nitroprusside, MeJA—methyl jasmonate. Effect of elicitors on DPPH radical
scavenging activity (A), ABTS radical scavenging activity (B), FRAP assay (C), and IC50 values of
ABTS activity (D). Different letters indicate mean values which are significantly different at p ≤ 0.05
according to Tukey’s test.

2.5. Establishment of Bioreactor Cultures for the Production of Biomass and Phenolics

Ten g L−1 cells were cultured in bioreactors, cultures were aerated with 0.1 vvm,
and treated with 200 μM MeJA after three weeks of culture and maintained for another
week. The bioreactor cultures showed a typical lag phase for one week and an exponential
phase for up to four weeks. Accumulation of 230.81 g of fresh biomass and 16.48 g of dry
biomass was evident after four weeks of culture (F value 714.62, degree of freedom 4, and
p-value ≤ 0.05) (Figures 8 and 9). The cell growth index was 8.2. These results depict that
bioreactor cultures are efficient in the accumulation of biomass.

Figure 8. Cell suspension cultures in balloon-type bubble bioreactors: accumulation of fresh biomass,
dry biomass over four weeks of culture Different letters indicate mean values which are significantly
different at p ≤ 0.05 according to Tukey’s test.
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Figure 9. Cell suspension cultures in balloon-type bubble bioreactor. (A) Biomass accumulated after
4 weeks of culture, (B) Harvested cell biomass.

The findings of an HPLC examination of the phenolics present in the biomass are
shown in Figures 10 and 11. Seven major phenolics were recognized in the cell extracts
when compared to standards (Figure 10). The major phenolics including catechin hydrate
(382.0 μg g−1 DW), chlorogenic acid (108.1 μg g−1 DW), naringin (82.9 μg g−1 DW), api-
genin (15.5 μg g−1 DW), ruteolin (14.7 μg g−1 DW), gallic acid (13.2 μg g−1 DW) and ferulic
acid (1.5 μg g−1 DW) were recorded through HPLC analysis (F value 714.62, degree of
freedom 4, and p-value ≤ 0.05) (Figure 11). Comparison of cultures without elicitation and
with elicitation with MeJA revealed that 28.7, 24, and 4.8-fold increments in accumulation
of catechin hydrate, naringin, and chlorogenic acid are evident (Figure 11).

 

Figure 10. HPLC chromatograms of phenolic compounds. (A) Standards, (B) gallic acid (1), chloro-
genic acid (2), catechin hydrate (3), ferulic acid (4), naringin (5), luteolin (6), and apigenin (7).
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Figure 11. Quantity of phenolic compounds accumulated in cell suspension cultures with elicitor
treatments. SA—salicylic acid, SNP—sodium nitroprusside, MeJA—methyl jasmonate. Different
letters indicate mean values which are significantly different at p ≤ 0.05 according to Tukey’s test.

3. Discussion

Plant secondary metabolites such as phenolics and flavonoids have very high ther-
apeutic values such as antioxidant, anti-inflammatory, anticancer, antihypertensive, an-
tihyperglycemic, neuroprotective, and hypolipidemic activities [24]. Production of these
compounds in natural plants depends upon various factors such as species, populations,
and edaphic and environmental conditions where they grow. Variability in the accumu-
lation of bioactive compounds is also evident depending on the phenological stages of
development [25]. In contrast production of bioactive compounds through in vitro culture
of plant cells and organs has emerged as an attractive alternative. Growth and accumula-
tion of biomass and production of metabolites can be controlled very easily with in vitro
conditions. Additionally, in vitro cultivation of plant cells allows for the manipulation
of growth variables, and with additions of elicitors and precursors, hyperproduction of
valuable bioactive active compounds could be achieved [14,15]. For the production of
phenolic compounds; therefore, we established cell suspension cultures of S. thea in the
current investigation.

Plant growth regulators play an important role in triggering the growth and devel-
opment of explants cultured in vitro [26]. Specific explant requires a particular auxin or
cytokinin or combination of auxin and cytokinin for callus induction, and it also depends
on the levels of endogenous hormones present with the explants. Auxins are involved in
cell division, tissue differentiation, embryogenesis, and rhizogenesis [27]. In the present
study, we tested the effect of 2,4-D (0.5, 1 mg L−1), NAA (0.5, 1.0 mg L−1), BA (1.0 mg L−1),
and KN (1 mg L−1) individually or in combination. A combination of 2,4-D (0.5 mg L−1)
with NAA (0.1 or 0.5 mg L−1) and KN (0.1 mg L−1) has triggered the highest amount of
callus induction in seed, cotyledon, and leaf explants of S. thea. Similar to the present results
addition of NAA along with other growth regulators has induced the highest amount of
callus in Cananga odorata and Scropholaria stiata [28,29]. The selection of suitable explants is
also critical in the induction of a greater amount of callus [30]. In the current study highest
callus induction was recorded from seed (80%) and cotyledon (96.7%) explants of S. thea
on the combination of medium containing 2,4-D (1.0 mg L−1), NAA (0.1 mg L−1) and KN
(0.1 mg L−1), however, the formation of roots alongside callus was noticed on both explants
after four weeks of culture. Similarly, in Hylocerus costaricensis NAA induced rhizogenesis
along with callus on NAA supplemented medium [31]. However, on the MS medium
containing 2,4-D (0.5 mg L−1), NAA (0.5 mg L−1), and KN (0.1 mg L−1), seed and cotyledon
explants have produced 43.3% and 93.3% callus formation without the intervention of
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rhizogenesis. Variations among explant types for callus induction have also been reported
in other plant species, such as Calendula officinalis and Chorisia spciosa [32,33].

The friability of callus tissue is highly desirable for establishing cell suspension cul-
ture [34]. Histological analysis is very useful to verify the process friability of the callus. The
soft and yellowish callus, among the numerous forms of calli found in the current studies,
had cells that were actively proliferating and had intercellular gaps and conspicuous nuclei.
While dark, hard, and white calli have big vacuoles and compactly organized cells. This
callus also exhibited thick cell walls, starch granules, and a lack of cell division. Similar
to the present results, Betekhtin et al. [35] observed characteristic cells that are compact,
thick-walled, and accumulation of insoluble starch grains in the non-friable callus. As a
result, the loosely packed, undifferentiated cells that make up the rapidly dividing cells in
the soft, yellowish callus were selected for further sub-culturing and callus proliferation.

Oxidative browning is a common problem in plant tissue cultures, which results in
reduced growth of the cultured explants or callus [36,37]. The underlying phenomenon is
the accumulation and subsequent oxidation of phenolic compounds in the tissues. Several
methods have been followed to overcome the initial browning of the medium, including
the use of antioxidants such as ascorbic acid and citric acid or the use of absorbents such
as polyvinyl pyrrolidone and activated charcoal [37,38]. With our results, we realized
callus browning during subsequent sub-cultures. To overcome the browning of the callus,
we used 100, 200 mg L−1 ascorbic acid (ASA) or 0, 10, 20 mg L−1 citric acid (CA) or 0,
10, 20 mg L−1 polyvinyl pyrrolidone (PVP). Of the varied treatments, cultures treated
with 200 mg L−1 ASA could be able to control the browning of the callus in subsequent
subcultures. Similar to the current results, ASA has been efficiently used in overcoming
the browning of callus in tissue cultures of Themeda qundrivalis [39], Musa species [40], and
Glycyrrhiza glabra [41].

Elicitation is one of the most effective and widely employed biotechnological tools
for enhanced biosynthesis and accumulation of secondary metabolite in plant tissue cul-
ture [42]. Elicitors of biotic and abiotic origin can trigger the biosynthesis of specific
metabolites in cell and organ cultures [14,43]. The optimization of various parameters, such
as elicitor type, concentration, duration of exposure, and treatment schedule is essential for
the effectiveness of the elicitation strategies. Salicylic acid (SA), methyl jasmonate (MeJA),
jasmonic acid (MJ), and other signaling molecules are frequently utilized as elicitors to
stimulate secondary metabolite biosynthesis and enhancement [44–47]. In our studies,
we established cell suspension cultures and tested the effect of MeJA, SA, and sodium
nitroprusside (SNP; nitric oxide producer) at 50, 100, and 200 μM concentrations. MeJA was
effective in causing the accumulation of phenolic and flavonoid contents in the cultured
cells of S. thea when compared to other elicitors tested. In total, 5.9 mg g−1 GAE of phenols
were present in control cultures, but 37.5, 36.9, and 34.5 mg g−1 GAE were present in cell
cultures that had received MeJA treatment. Similarly, the total flavonoid content was 18.4,
17.5, and 15.1 mg g−1 CAT equivalents with various doses of MeJA treatments, compared
to 1.6 mg g−1 CAT equivalents in the control. Similar to the present findings, MeJA has
successfully been employed as an elicitor for the enhanced accumulation of ginsenosides
in Panax ginseng cell and adventitious root cultures [44,45] as well as the generation of
phenolic compounds in Thevetia peruviana cell cultures [48]. SA and SNP were not effi-
cient in stimulating the accumulation of secondary metabolites with cell cultures of S. thea.
However, SA and nitric oxide have been used as potent elicitors in callus/cell cultures of
Hypericum perforatum [49] and Catharanthus roseus [50] for the production of hypericin and
catharanthine, respectively.

The production of biomass and secondary metabolites from cell and organ cultures is
excellent in bioreactor cultures, and various factors, including medium pH, aeration, and
gases, can be controlled in a way that is growth-specific. Cultured cells will effectively
utilize nutrients and participate in the creation and development of metabolites [14,15].
Additionally, bioreactor cultures enhance production quality, lower production costs, and
allow for a process to scale up [51]. The results of the current study of bioreactor cul-
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tures showed a higher accumulation of biomass (230.81 g of fresh biomass and 16.48 g of
dry biomass) as well as metabolites. The generation of biomass and secondary metabo-
lites in a variety of plant species, such as Panax ginseng [17], Echinacea species [19], and
Hypericum perforatum [21], has also been investigated using balloon-type bubble bioreactors.
Comparing cultures with and without elicitation with MeJA, it was discovered that there
was a 28.7, 24, and 4.8-fold increase in the accumulation of catechin hydrate, naringin, and
chlorogenic acid. Due to its antibacterial, anti-inflammatory, antidiabetic, and anticancer
activities, the bioactive molecule catechin has a very high therapeutic value. It can also
effectively neutralize free radicals and has significant antioxidant properties [52]. While
chlorogenic acid has a variety of physiological benefits, including hepatoprotective, gas-
trointestinal, renoprotective, neurological, and cardiovascular properties [53]. Naringenin,
a flavonoid molecule, has been shown to have anti-inflammatory, antioxidant, antibacterial,
antiadipogenic, and cardioprotective properties [54]. The bioactive compounds found in
abundance in the S. thea cell biomass produced in bioreactors allow for the extraction of
these fine chemicals as well as the use of the biomass in the production of nutraceuticals
and cosmetics.

4. Materials and Methods

4.1. Plant Material and Seed Germination

Sageretia thea (Osbeck) M.C. Johnst. plants were collected from Dongbaekdongsan,
which is located in Seonheul-ri, Jocheon-eub, Bukjeju-gun, Jeju-do, Republic of Korea,
and maintained in the experimental garden at Chungbuk National University, Republic
of Korea. Fruits were collected from the plants grown in the experimental garden and
washed thoroughly in running tap water, and surface sterilized in 70% ethanol for 5 s, then
in 20% sodium hypochlorite solution with one drop of Tween-20 for 30 min. Fruits were
washed three times in sterile water under the laminar flow cabinet, and then the seeds
were separated from the fruits. Seeds were washed in sterile distilled water three times
and cultured on Murashige and Skoog (MS) [55] medium supplemented with 1.0 mg L−1

gibberellic acid, 0.1 mg L−1 kinetin, and 30 g L−1 sucrose for germination.

4.2. Chemicals and Reagents

Methyl jasmoante (MeJA), salicylic acid (SA), sodium nitroprusside (SNP), gallic acid
(GA), catechin, Folin-Ciocalteu (FC) reagent, 2,2 Diphenyl 1 picrylhydrazyl (DPPH),
2,2′-azino-bis (3-ethybenzothiazoline-6-sulphonic acid (ABTS), 2,4,6-tripyridyl-s-triazine
(TPTZ), ascorbic acid (ASA), citric acid (CA), polyvinylpyrrolidone (PVP) were procured
from Sigma-Aldrich chemicals (St. Louis, MO, USA). All the tissue culture chemicals, growth
regulators such as 2,4-dichlorophenoxyacetic acid (2,4-D), naphthalene acetic acid (NAA),
6-benzyladenine (BA), kinetin (KN), gibberellic acid (GA3), gelrite, were obtained from
Ducefa Biochemie, Haarlem, The Netherlands. High-pressure liquid chromatography (HPLC)
standard phenolic compounds were procured from ChromaDex, Longmont, CO, USA.

4.3. Callus Induction

Entire seeds, seeds divided into two halves, cotyledons, and leaves obtained from
young plantlets were used for callus induction. Explants were cultured on MS medium
containing 30 g L−1 sucrose, 2,4-D (0.5, 1 mg L−1), NAA (0.5, 1.0 mg L−1), BA (1.0 mg L−1),
KN (1 mg L−1) individually or in combination. Medium pH was adjusted to 5.8 and then
added with 2.4 g L−1 gelrite and autoclaved at 121 ◦C and 121 Kilopascals for 15 min. The
cultures were maintained in dark at 25 ± 1 ◦C for 4 weeks in culture rooms.

4.4. Histological Analysis of Callus

For the histological analysis of callus, each type of callus (hard, soft, callus of different
colors such as white, yellowish, brown, irrespective of their origin from seeds, cotyledons,
and leaves) 0.5 mm3 callus was fixed in formalin, glacial acetic acid, and 95% ethyl alcohol
and water (10: 5: 50: 35) solution for two days. Then callus was degassed and dehydrated

93



Plants 2023, 12, 1390

with an alcohol series. After infiltration with Technovit 7100 (Kulzer Technik, Wertheim,
Germany), a mold was made by polymerizing with an embedding solution. Microtome
(Leica, Nussloch, Germany) sections (5 μm) were taken and attached to glass slides and
stained with periodic acid Schiff reagent and toluidine blue O. The preparations were
observed using an optical microscope (Leica, Germany).

4.5. Raising of Callus Cultures with Supplementation of Antioxidants

The callus developed from the different explants invariably use to accumulate phenolic
accumulation that hindered the callus growth. To overcome initial phenolic accumulation and
to facilitate the growth of the callus, callus cultures sub-cultured MS medium with growth
regulators 0.5 mg L−1 2,4-D, 0.5 mg L−1 NAA, and 0.1 mg L−1 KN and various antioxidants
such as 100, 200 mg L−1 ASA or 10, 20 mg L−1 citric acid or 10, 20 mg L−1 PVP. After 4 weeks
of culture, callus growth and browning of cultures with phenolics were investigated.

4.6. Establishment of Cell Suspension Culture in Erlenmeyer’s Flasks and Elicitation of Cultures

S. thea cell suspensions were established in 100 mL Erlenmeyer’s flasks with 50 mL
of MS liquid medium, 30 g L−1 of sucrose, 0.5 mg L−1 of 2,4-D, 0.5 mg L−1 of NAA, and
0.1 mg L−1 of KN. In total, 3 g of friable callus was added to 50 mL of liquid medium, and
the cultures were maintained on an orbital shaker at 120 rpm for four weeks. The cultures
were added with elicitors such as salicylic acid (SA), methyl jasmonate (MeJA), or sodium
nitroprusside (SNP) at a concentration of 50, 100, and 200 μM after two weeks of culture
and maintained for another two weeks.

4.7. Establishment of Cell Suspension Cultures in Balloon-Type Bubble Bioreactors

For the production of S. thea biomass, cell suspension cultures were established in 5 L
balloon-type bubble bioreactors (Samsung Biotech, Seoul, Republic of Korea) containing 2 L
of MS liquid medium containing 30 g L−1 sucrose and 0.5 mg L−1 2,4-D, 0.5 mg L−1 NAA
and 0.1 mg L−1 KN. In total, 20 g of cells were inoculated to the medium. After three weeks
of culture initiation, 100 μM MeJA was added to elicit the cells to involve in secondary
metabolism and maintained for another week. The bioreactor cultures were maintained in
a culture room, and the dark were aerated with sterile air at 0.1 vvm (air volume/medium
volume/min). After four weeks of culture, cells were harvested by bypassing the medium
through a stainless-steel sieve, and cells were washed thoroughly with sterile distilled
water. The fresh weight (FW) was determined after air drying cells, dry weight of the cell
was determined by drying the cell biomass in a freeze-dryer at −80 ◦C for three days. The
growth index (Gi) was calculated on the basis of weight of dry tissue according to the
following formula: Gi = (DW1 − DW0)/DW0: where DW0 was the weight of inoculum
and DW1 was the final weight of tissue after a culture growth period. The total phenolic
content (TPC), total flavonoid content (TFC), and antioxidant analysis were all calculated
using the cell biomass.

4.8. Preparation of Cell Extracts

The freeze-dried cells (0.1 g) were taken in 10 mL of ethanol and subjected to ultrasonic
waves at 36 ◦C for 1 h. The ethanol extract was filtered through Whatman (grade 2) filter paper,
and the filtrate was used for the analysis of phenolics, flavonoids, and antioxidant activities.

4.9. Estimation of Total Phenolic Content

Total phenolic content (TPC) was estimated by using the Folin Ciocalteu reagent
method, as described by Murthy et al. [56], with some modifications. Briefly, a known
amount of sample was taken and made up to 3 mL with distilled water, and 0.1 mL of 2 N
Folin Ciocalteu reagent was added, followed by incubation for 6 min, and then 0.5 mL of
20% Na2CO3 was added to each tube. Tubes were kept in warm water for 30 min, and the
absorbance was read at 760 nm using a UV-Visible spectrophotometer. Gallic acid was used
as the standard compound.
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4.10. Estimation of Total Flavonoid Content

The flavonoid content of extracts was analyzed as described by Pekal and Pyrzyn-
skaet [57]. To brief, 0.1 mL of extract was taken and made up the volume to 3 mL by using
distilled water, followed by the addition of 0.15 mL of 10% AlCl3 and 2 mL of 1 M NaOH
after 5 min of incubation at room temperature. Solutions were vortexed, and absorbance
was measured at 510 nm. Catechin was used as standard.

4.11. Analysis of Antioxidant Activities
4.11.1. 2,2 Diphenyl 1 picrylhydrazyl (DPPH) Radical Scavenging Assay

Extract (0.1 mL) was added with 1.9 mL of 0.1 mM DPPH solution prepared in ethanol.
The tubes were vortexed and incubated in the dark for 15 min. The discoloration of
the DPPH solution was measured at 517 nm against ethanol as blank using a UV-visible
spectrophotometer. Gallic acid was used as standard, and the activity of the extracts was
expressed as mg gallic acid equivalent (GAE)/g extract [58].

4.11.2. 2,2′-Azino-bis (3-ethybenzothiazoline-6-sulphonic Acid (ABTS) Assay

The ABTS assay was carried out as per the method of Re [59]. The ABTS solution
was prepared by mixing 7 mM of ABTS and 2.45 mM potassium persulfate in a ratio of
1:1 and stored in the dark for 24 h. At the time of analysis, the ABTS solution was diluted
with phosphate buffer (pH 7.3) to obtain the value of 0.70 at 732 nm. Fifty microliters
of the extract were added to 950 microliters of diluted ABTS solution, and the mixture
was allowed to stay in the dark for 10 min then absorbance was measured at 732 nm
using UV-visible spectrophotometry. Antioxidant activity was expressed in percentage, i.e.,
ABTS radical scavenging activity = absorbance of control solution-absorbance of sample
solution/absorbance of control solution × 100.

4.11.3. Ferric Reducing Antioxidant Power (FRAP) Assay

FRAP assay was carried out according to the method described by Benzie and
Strain [60]. FRAP reagent was prepared by mixing 300 mM acetate buffer of pH 3.6,
10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mM HCl and 20 mM FeCl2.6H2O in the
ratio 10:1:1. In total, 0.2 mL of extract was added with 3 mL of FRAP reagent, tubes were
vortexed and incubated for 6 min at room temperature, and absorbance was measured at
593 nm using a UV-visible spectrophotometer. Ascorbic acid was used as standard, and
activity is expressed as mg ascorbic acid equivalent (AAE)/g extract.

4.12. Quantification of Phenolic Compounds Using High-Performance Liquid Chromatography (HPLC)

The cell biomass obtained from the cultures was ground in a sterilized mortar. The
powdered sample (0.1 g) was mixed with 10 mL of 80% ethanol, and the extract was
obtained by ultrasonication, as explained above. The extract was concentrated using
nitrogen gas and dissolved in 0.5 mL 80% ethanol and used for analysis. The extract was
filtered through a membrane filter (0.45 μm) and used for analysis. HPLC equipment (2690
Separation Module, Waters Chromatography, Milford, CT, USA) included a photodiode
array detector (PDA), and compound separation was performed using a Fortis C18 column
(5 μm, 150 × 4.6 mm). The mobile phase consisted of acetic acid and water (1:99 v/v)
(solvent A) and acetic acid and acetonitrile (1:99 v/v) (solvent B) and was filtered using
Whatman Glass microfiber filters before use. The flow rate was 1.0 mL.min-1, and the
column temperature was 25 ◦C. The peaks were detected at 280 nm, and compounds were
identified and quantified based on the retention time of standards and peak areas.

4.13. Statistical Analysis

The results are presented as mean values and standard errors. One-way analysis of
variance (ANOVA) was used to determine whether the groups differed significantly. Statis-
tical assessments of the difference between mean values were then assessed using Tukey’s
test. A value of p = 0.05 was considered to indicate statistically significant differences. All
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the data were analyzed using a SAS program (Software Version 9.4; SAS Institute, Cary,
NC, USA).

5. Conclusions

Plant cell culture techniques can be used as alternatives for the production of biomass
that are abundant in bioactive materials. In the present study, we established stepwise
protocols for the induction of callus and establishment of suspension cultures for the
production of phenolic compounds in S. thea. Methyl jasmonate elicited cell cultures of
S. thea, has the highest content of total phenolics and flavonoids, and also demonstrated in-
creased antioxidant activity. The cell biomass was also rich in specific bioactive compounds,
including catechin hydrate, chlorogenic acid, naringenin, and others.
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Abstract: This study aims to examine the metabolic discrimination between in vitro grown adventi-
tious roots and the standard medicinal parts of Atractylodes macrocephala. To achieve this goal, firstly,
in vitro culture conditions of adventitious roots such as indole-3-butyric acid (IBA) concentrations,
types of media, inorganic salt strength of culture medium, and elicitor types and concentrations
were optimized. The optimal culture conditions for proliferation of adventitious roots was found to
consist of Murashige and Skoog (MS) medium containing 5 mg L−1 IBA. Whole cell extracts from
adventitious roots and the standard medicinal parts of A. macrocephala were subjected to Fourier
transform infrared spectroscopy (FT-IR). Principal component analysis (PCA) and partial least square
discriminant analysis (PLS-DA) from FT-IR spectral data showed that adventitious roots and standard
medicinal parts were clearly distinguished in the PCA and PLS-DA score plot. Furthermore, the
overall metabolite pattern from adventitious roots was changed depending on the dose-dependent
manner of chemicals. These results suggest that FT-IR spectroscopy can be applied as an alternative
tool for the screening of higher metabolic root lines and for discriminating metabolic similarity
between in vitro grown adventitious roots and the standard medicinal parts. In addition, the adven-
titious roots proliferation system established in this study can be directly applied as an alternative
means for the commercial production of A. macrocephala.

Keywords: indole-3-butyric acid (IBA); liquid culture; medicinal plants; partial least square
discriminant analysis (PLS-DA); principal component analysis (PCA)

1. Introduction

Baekchul is a rhizome of Atractylodes macrocephala Koidz. or Atractylodes japonica
Koidz., a perennial herbaceous plant belonging to the Asteraceae family. It is a medicinal
plant widely used in East Asia including Korea, China, and Japan [1]. Over 200 chem-
ical compounds have been isolated from Atractylodis Rhizoma (AR) including a series
of sesquiterpenoids, alkynes, triterpenoids, aromatic glycosides, oligosaccharides, and
polysaccharides [2–4]. In particular, A. macrocephala contains volatile components in its
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essential oil, and the main volatile components are sesquiterpenoids such as atractylenolide
(I, II, and III), actractylon, 3β-acetoxyatractylone, and 3β-hydroxyatractylone [5]. Although,
recent research has revealed that the extracts from AR could help to improve gastrointesti-
nal function, anti-tumor activity, immunomodulatory activity, anti-inflammatory activity,
and anti-bacterial activity [4]. However, the toxicity and safety of the chemicals have not
been fully defined [6].

Despite the valuable pharmacological properties of AR, A. japonica presents several
horticultural challenges that limit potential for the mass production of the medicinal
rhizome. Most significantly, it has a low seed set rate and a slow growth rate for its
rhizomes [7]. Baekchul (A. macrocephala) is also difficult to cultivate due to low resistance
to root rot disease [8]. Therefore, the development of novel approaches for the mass
production of medicinal AR is an indispensable topic. Plant cell and tissue culture systems
could be applied as a novel approach for the mass supply of medicinal plant resources
under aseptic culture conditions. In particular, adventitious roots proliferated in vitro offer
an attractive source for useful phytochemicals due to their genetic stability and biosynthetic
capacity [9]. Adventitious roots can be easily induced from several differentiated plant
organs, such as the leaf, stem, and root.

To date, tissue culture studies of A. macrocephala have mainly focused on the plant
regeneration system, including clonal multiplication of Atractylodes lancea by shoot tip
culture [10] and the effect of plant growth regulators on plant regeneration from the
auxiliary bud of the Atractylodes species [1,11]. However, there are only a few studies
published that treat the establishment of a hairy roots culture system using leaf explants of
A. japonica [12]. There has not been a published study of the induction and mass propagation
system of adventitious roots from A. macrocephala.

To employ the in vitro proliferated adventitious roots as a herbal medicine resource,
it is necessary to investigate differences in quantitative and qualitative patterns. In order
to compare metabolic similarity between standard medicinal parts of A. macrocephala and
their adventitious roots, the metabolite fingerprinting approach using 1HNMR (proton
nuclear magnetic resonance spectroscopy), mass spectrometry, and FT-IR (Fourier transform
infrared spectroscopy) is very efficient [13,14]. In particular, FT-IR spectroscopy, combined
with multivariate statistical analysis from whole plant cell extracts, can be applied with
high reproducibility and sensitivity. FT-IR spectral analysis is widely used to identify
closely related microbial species [15,16], for the classification of plant species [17], and
for cultivar identification [18,19]. Moreover, FT-IR spectral analysis can be applied in the
comparison of the metabolic similarity between standard medicinal parts and their in vitro
proliferated adventitious roots [20,21].

Therefore, we attempted to establish the optimal culture conditions for the mass pro-
duction of adventitious roots of A. macrocephala in this study. First, we investigated the
effects of IBA concentrations, the impact of types of media, inorganic salt concentrations,
and elicitor types and concentrations on the growth of adventitious roots. Secondly, a quan-
titative analysis system using HPLC analysis to investigate the content of active compounds
between adventitious roots after elicitor treatment and standard roots. Furthermore, a
rapid metabolic discrimination system was developed using FT-IR spectroscopy for the
investigation of the metabolic equivalence between in vitro grown adventitious roots and
standard medicinal parts.

2. Results

2.1. Effect of IBA Concentrations on Growth of Adventitious Roots

In order to investigate the effect of the optimal IBA concentration on the growth of
adventitious roots, adventitious roots were transferred to MS [22] medium containing
30 g L−1 sucrose and several concentrations of IBA (Figure 1A). After 10 days of culture,
longitudinal growth and root branching from inoculated adventitious roots began to be seen
in most IBA treatments except for those subjected to treatment of lower than 0.1 mg L−1

IBA. In the 5–10 mg L−1 IBA treatments, adventitious roots rapidly proliferated from the
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20th to 40th days of culture (Figure 1B,C). After 40 days of culture, the changes in fresh
and dry weight from adventitious roots were examined. The fresh weight from dventitious
roots was the highest at 7136.7 ± 395.5 mg (Figure 1B) in the 10 mg L−1 IBA treatment.
Additionally, the dry weight from adventitious roots was the highest at 556.7 ± 5.8 mg
in 5 mg L−1 IBA treatment (Figure 1C). Overall, there was no significant difference in the
growth rate of adventitious roots between those subjected to the 5 mg L−1 IBA and the
10 mg L−1 IBA treatments. However, overall, the increase in fresh and dry weight from
adventitious roots appeared to be dependent on the IBA concentration. In light of these
results, the optimum concentration of IBA required for adventitious root proliferation of A.
macrocephala was determined to be 5 mg L−1 IBA. In subsequent experiments, the IBA was
set at a concentration of 5 mg L−1.

Figure 1. Effect of IBA concentrations on adventitious root growth of A. macrocephala after 40 days of
culture in Murashige and Skoog medium containing various concentrations of IBA. (A) Root mor-
phology. (B) Change in fresh weight of adventitious roots. (C) Change in dry weight of adventitious
roots. Results are expressed as mean ± SD (n = 3). Different superscript letters indicate a significant
difference (p < 0.05).

The analysis of the FT-IR spectral data, combined with multivariate analysis of the
adventitious roots treated with IBA concentrations and the standard medicinal parts of A.
macrocephala, revealed that there had been a quantitative and qualitative change between
samples in the 1700–1500, 1450–1200, and 1100–900 cm−1 regions of FT-IR spectra (see
Supplementary Materials, Figure S1A,C). The PCA and PLS-DA score plot also showed
that adventitious roots treated with IBA concentrations and the standard medicinal parts of
A. macrocephala could be clearly discriminated (see Supplementary Materials, Figure S1B,D).
These results clearly confirm that there is a significant difference between the adventitious
roots and the standard medicinal parts of A. macrocephala at the whole metabolite level.
Furthermore, these results also reveal that the whole metabolite pattern of adventitious
roots changes in accord with the increase in the concentration of IBA.
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2.2. Effect of Culture Media and Inorganic Salt Concentrations in MS Medium on Growth of
Adventitious Roots

The effect of culture media and inorganic salt concentrations in MS medium on the
growth of adventitious roots was examined (Figures 2 and 3). As part of the investigation
of the effect of culture media on growth of adventitious roots, roots were transferred to
MS, Schenk and Hildebrandt (SH) [23], and Gamborg et al. (B5) [24] media containing
5 mg L−1 IBA (Figure 2). After 10 days of culture, the adventitious roots cultured in
SH and B5 medium began to brown slightly more than those in MS medium. However,
adventitious roots continued to grow vigorously until 40 days of culture in all culture media
(Figure 2A). After 40 days of culture, the change in the dry weight of the adventitious roots
was examined. The dry weight from adventitious roots was the highest at 630 ± 54.4 mg in
MS medium (Figure 2B). However, there was no significant difference in the growth rate of
adventitious roots from that observed in culture media types. Considering these results,
the optimal culture media required for adventitious root proliferation of A. macrocephala
was determined to be the MS medium. In the subsequent experiments, the MS medium
was used to encourage adventitious root proliferation.

Figure 2. Effect of culture media on adventitious root growth of A. macrocephala after 40 days of
culture in various media containing 5 mg L−1 IBA. (A) Root morphology. (B) Change in dry weight of
adventitious roots. Results are expressed as mean ± SD (n = 3). Different superscript letters indicate
a significant difference (p < 0.05).

Figure 3. Effect of inorganic salt concentrations on adventitious root growth of A. macrocephala after
40 days of culture in 1/4, 1/2, 1, and 2x MS inorganic salt medium containing 5 mg L−1 IBA. (A) Root
morphology. (B) Change in dry weight of adventitious roots. Results are expressed as mean ± SD
(n = 3). Different superscript letters indicate a significant difference (p < 0.05).

Whole cell extracts were subjected to FT-IR spectroscopy (see Supplementary Materials,
Figure S2) so as to compare the overall metabolic changes from the adventitious roots cul-
tured on three different culture media and the standard medicinal parts of A. macrocephala.
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Major spectral changes were observed in the 1700–1500, 1450–1200, and 1100–900 cm−1

regions of FT-IR spectra (see Supplementary Materials, Figure S2A,C). The PCA and PLS-
DA score plot also revealed that adventitious roots and the standard medicinal parts were
clearly discriminated (see Supplementary Materials, Figure S2B,D). These results suggest
that there is a significant difference between adventitious roots and standard medicinal
parts at the whole metabolite level. Furthermore, these results also show that the whole
metabolite pattern of adventitious roots from the SH medium is more similar to the B5
medium than to the MS medium.

To investigate the effect of the concentration of inorganic salts in the MS medium
on the growth of adventitious roots, roots were transferred to a medium of 1/4, 1/2, 1,
and 2 times strength of MS inorganic salts containing 5 mg L−1 IBA and 30 g L−1 sucrose
(Figure 3). After 10 days in the culture, the adventitious roots cultured in low concentrations
(1/4 and 1/2) of MS inorganic salts did not branch lateral roots. In particular, adventitious
roots did not proliferate in the 1/4 strength MS inorganic salts medium. After 20 days in the
culture, lateral roots were induced from adventitious roots into all treatments. Lateral root
development from the adventitious roots increased in accord with increasing MS inorganic
salt concentrations. However, the proliferation of adventitious roots in the 1- and 2-times
strength MS medium was much higher than that in the low concentration (1/4 and 1/2)
MS medium for the first 40 days of culture (Figure 3A). After 40 days of culture, the change
in dry weight from adventitious roots was examined. The dry weight from adventitious
roots was the highest at 613.3 ± 25.8 mg in 2x MS medium (Figure 3B). However, there was
no significant difference in the increase in dry weight in the 1x MS medium. These results
suggest that the optimal inorganic salt concentration for adventitious root proliferation
of A. macrocephala should be 1x MS medium. In the subsequent experiments, the 1x MS
medium was used to promote adventitious root proliferation.

Similar to FT-IR analysis of IBA concentrations, FT-IR based metabolic changes of
adventitious roots in MS inorganic salt concentration treatments revealed the same con-
centration dependency manner (see Supplementary Materials, Figure S3). The PCA and
PLS-DA score plot showed that adventitious roots treated with MS inorganic salt concen-
trations and the standard medicinal parts of A. macrocephala were clearly discriminated (see
Supplementary Materials, Figure S3B,D). These results clearly reveal a significant difference
between adventitious roots and standard medicinal parts of A. macrocephala at the whole
metabolite level. Furthermore, these results also show that the whole metabolite pattern
for adventitious roots changes as the concentration of MS inorganic salts increases.

2.3. Effect of Elicitor Types and Concentrations on Growth and Metabolic Change in
Adventitious Roots

The effect of elicitor types and concentrations on the growth of adventitious roots
was examined (Figure 4). To investigate the effect of elicitor types and concentrations on
the growth of adventitious roots, the roots were transferred to MS medium containing
several concentrations of salicylic acid (SA) and methyl jasmonate (MeJA) during the last
week of the whole growth process. After one additional week of incubation, the change
in the growth of the adventitious roots was examined. In SA treatments, there was no
significant difference in growth rates of adventitious roots regardless of concentrations
(Figure 4A, see Supplementary Materials, Figure S4A,C). Similar to SA treatments, there
was no significant difference in growth rates of adventitious roots from MeJA treatments
(Figure 4B, see Supplementary Materials, Figure S4B,D). However, the scent of adventitious
roots became stronger, and their color changed to dark brown in the 44.8 mg L−1 MeJA
treatment. To quantify the atractylenolide I and III contents from adventitious roots,
HPLC analysis was conducted (Figure 5, see Supplementary Materials, Figure S5A,B).
Elicitor (MeJA, SA)-treated adventitious root samples showed a peak at the retention time
of 12.375 (atractylenolide III) and 32.111 (atractylenolide I) on the HPLC chromatogram
(Figure 5A). In the 44.8 mg L−1 MeJA treatment, the atractylenolide I content was the
highest at 0.35 mg g−1, and it was 1.7 times higher than that of the control (0.21 mg g−1).
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The contents of Atractylenolide I and III were the highest at 0.87 mg g−1 in the 44.8 mg L−1

MeJA treatment, which was 5.8 times higher than that of the control treatment (0.15 mg g−1).
In the case of the MeJA treatment, the atractylenolide content increased as the MeJA
concentration increased. However, the SA treatment did not significantly affect the change
in the contents of atractylenolide I and III in adventitious roots of A. macrocephala, even
though the concentration increased (Figure 5B). To check whether the adventitious root
could be used as an alternative means for standard medicinal parts of A. macrocephala, the
content of atractylenolides I and III from two standard samples (Std1 and Std2) was also
investigated (see Supplementary Materials, Table S1). The content of atractylenolide I from
Std1 and Std2 was 1.16 ± 0.08 and 2.1 ± 0.23, and atractylenolide III was 2.99 ± 0.03 and
6.19 ± 0.05, respectively. These results clearly show that the content of atractylenolides I
and III from adventitious roots was much lower than those of two standard samples, even
though elicitation treatments has been conducted. However, the contents of atractylenolide
I and III was different by 1.8 to 2 times between standard samples Std1 and Std2.

Figure 4. Effect of salicylic acid (A) and methyl jasmonate (B) concentrations on adventitious root
growth of A. macrocephala after 40 days of culture on MS medium containing 5 mg L−1 IBA.

Figure 5. Typical HPLC chromatograms (A) and quantification of atractylenolide I and III (B) from
adventitious roots of A. macrocephala after elicitor treatments. Std1, Std2: standard medicinal parts.
Cont.: non-treated elicitors of adventitious roots.
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To investigate the effect of elicitor types and concentrations on the metabolic change
in adventitious roots, whole cell extracts from elicitor-treated adventitious roots were
subjected to FT-IR spectroscopy (Figure 6). Similar to the FT-IR analysis of IBA concen-
trations, major spectral changes from elicitor-treated adventitious roots were observed in
the 1700–1500, 1450–1200, and 1100–900 cm−1 regions of FT-IR spectra (Figure 6A). The
PC loading plot indicated the major spectral variations that have an important role in
the discrete clustering pattern on the PCA score plot were the 1700–1500, 1250–1100, and
1100–900 cm−1 regions of FT-IR spectra (Figure 6C).

Figure 6. Multivariate analysis of FT-IR spectral data from cell extracts of standard rhizome parts
and elicitor-treated adventitious roots of A. macrocephala. (A) Comparison of FT-IR spectral data
from adventitious roots and standard rhizome parts. (B) PCA score plot of the FT-IR spectral data
from adventitious roots and standard rhizome parts. (C) PCA loading plot based on PCA data from
adventitious roots and standard rhizome parts. (D) PLS-DA score plot of FT-IR spectral data from
adventitious roots and standard rhizome parts. Arrows indicate the FT-IR spectral regions showing
significant variations between spectral data (A,C). Dotted circles represent each cluster for each
elicitor treatment and standard rhizome parts (B,D).

The PCA and PLS-DA score plot also showed that adventitious roots and the standard
medicinal parts were clearly discriminated (Figure 6B,D). The PCA score plot showed that
PC1 and PC2 accounted for 81.2% and 10.7% of the total variation, respectively (Figure 6B).
The replicated samples from each treatment were grouped in discrete clusters on the PCA
score plot. The PC1 axis of the PCA score plot showed a separation pattern between adventi-
tious roots and the standard medicinal parts, but the PC2 axis showed a discrete separation
pattern into two groups corresponding to SA and MeJA treatments (Figure 6B). Similar
to the PCA score plot, adventitious roots and the standard medicinal parts were clearly
discriminated on the PLS-DA score plot (Figure 6D). Furthermore, the whole metabolite
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pattern from adventitious roots within SA and MeJA treatments changed as the concentra-
tion of elicitor increased. These results clearly suggest that there is a significant difference
between adventitious roots and standard medicinal parts at the whole metabolite level.

3. Discussion

Adventitious roots proliferated in in vitro culture conditions that contained suitable
phytohormones and produced important secondary metabolites [25]. Thus, the research
established the optimal culture conditions for mass proliferation of adventitious roots of
A. macrocephala. To achieve this goal, the effect of several environmental conditions in the
culture, including IBA concentrations, types of media, inorganic salt concentrations of MS
medium, and elicitor types and concentrations on adventitious root growth was examined.

The exogenous supply of plant growth regulators are required not only for the growth
of adventitious roots, but also for the induction of in vitro morphogenesis. Auxin and
ethylene act as the primary activators, while cytokinin and ethylene play roles primarily
as inhibitors [26]. Many studies have also reported that the efficacy of diverse auxins for
the establishment and propagation of in vitro grown adventitious roots varies according
to the family and the species of the plant [27]. IBA is the most suitable effective auxin for
the induction and development of adventitious root culture of medicinal plants [25]. Many
studies report that IBA had a stimulatory role in root growth. Moreover, the optimal IBA
concentration was different from species to species. Low concentrations of IBA (less than
2 mg L−1) are more effective for adventitious root growth of Couroupita guianensis [28] and
Hypericum perforatum [29]. High concentration IBA treatment (more than 3 mg L−1) was
effective for adventitious root growth in some plants, including Cynanchum wilfordii [21],
Orthosiphon stamineus [30], Panax quinquefolius [31], and Panax ginseng [32]. In this study, the
adventitious roots of A. macrocephala proliferated more rapidly at a high IBA concentration
(5–10 mg L−1) than at 1 mg L−1 IBA or less (Figure 1).

In general, media properties such as media type and inorganic salt concentrations
have an impact on the induction and proliferation of adventitious root culture of medicinal
plants. The choice of culture media for establishment and growth of adventitious roots in
medicinal plants is determined by the species of the plant itself [25]. It has been reported
that MS medium was highly suitable for the proliferation of adventitious roots of Rumex
crispus [33], Echinacea purpurea [34], and Andrographis paniculata [35]. In the present study,
the adventitious roots of A. macrocephala proliferated more rapidly in MS medium than in
SH and B5 media (Figure 2). However, Kim et al. [36] insisted that B5 medium was much
better than any other culture media for adventitious root cultures of Scopolia parviflora.
In addition, the inorganic salt concentration in the MS medium also affects adventitious
root growth. It has been reported that the full strength MS medium was suitable for
the proliferation of adventitious roots in Rumex crispus [33] and Oplopanax elatus [37],
while the half-strength MS medium was optimal for Echinacea purpurea [34] and Echinacea
angustifolia [38]. This study found that the adventitious roots of A. macrocephala proliferated
more rapidly in higher concentrations (1 and 2×) of MS inorganic salt medium rather than
lower concentration treatments (Figure 3).

Among the various types of abiotic elicitors, MeJA was the most representative chemi-
cal elicitor for adventitious root cultures of medicinal plants such as Hypericum perforatum,
Panax ginseng, Polygonum multiflorum, and Scopolia parviflora [39–42]. MeJA can increase the
synthesis of secondary metabolites in adventitious root cultures through signal transduc-
tion which accelerates the enzyme catalysis process, thus forming bioactive compounds
such as alkaloids, flavonoids, terpenoids, and polyphenols [43]. Similar to MeJA, SA also
has the potential to increase secondary metabolite accumulation in the adventitious root
culture of medicinal plants. Furthermore, SA is a plant hormone that can stimulate the
expression of the biosynthetic pathway genes of secondary metabolites. Moreover, SA
and MeJA can activate the defense mechanism of plants. Thus, SA and MeJA can have
an adverse effect on the growth of adventitious roots in increased concentrations [41,42].
There was no significant difference in growth rates in adventitious roots in SA treatments
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regardless of the concentrations (Figure 4A, see Supplementary Materials, Figure S4A,C).
Similar to SA treatments, there was no significant difference in growth rates of adventitious
roots in MeJA treatments (Figure 4B, see Supplementary Materials, Figure S4B,D). The
SA and MeJA treatment did not significantly affect the growth of adventitious roots of A.
macrocephala because the SA and MeJA treatment was performed after the proliferation
of adventitious roots of A. macrocephala. In addition, the SA and MeJA treatments were
performed for only one week in this study. Thus, it is assumed that the short treatment
period did not affect the proliferation of adventitious growth.

To investigate the effect of elicitor types and the concentrations on metabolic change
in adventitious roots, whole cell extracts from elicitor-treated adventitious roots were
subjected to FT-IR spectroscopy (Figure 6). There have been many previous studies of
FT-IR peak assignment and chemical composition. Spectroscopic techniques yield spectra
that contain key bands that are characteristic of individual components. The data provide
information about the chemical composition of the sample, including both primary and
secondary metabolites [44,45]. Carbohydrates, including cellulosic fibers, monosaccharides,
and polysaccharides, give a complex fingerprint in the characteristic bands visible in the
900–1200 cm−1 region of the infrared spectrum. Cellular proteins and amino acids give
characteristic peaks of 1500–1700 cm−1 and 1200–1500 cm−1, that are designated as amide
I, amide II, and amide III, respectively [46]. In this study, FT-IR combined with multivariate
analysis was capable of discerning metabolite differences between adventitious roots and
the standard medicinal parts of A. macrocephala. The greatest variation observed was in the
carbohydrate, amide, and phospholipid/DNA/RNA regions (900–1200, 1500–1700, and
1300–1500 cm−1, respectively) of FT-IR (Figure 6). These results indicate that qualitative
and quantitative metabolic changes corresponding to the polysaccharide, protein amide I
and II, and polyphenol regions were important for discrimination between adventitious
roots and the standard medicinal parts of A. macrocephala.

In this study, the content of atractylenolide I from the adventitious root was 5.2–9.5 times
lower than that of Std1 and Std2. In addition, the content of atractylenolide III was also
19–39 times lower than that of Std1 and Std2 (see Supplementary Materials, Table S1).
However, the contents of atractylenolide I and III from two standard samples changed
depending on different collection areas. The content of metabolites from plant samples
can be easily changed by modifications in physicochemical conditions such as cultivation
period and areas, soil conditions, or environmental conditions. Unfortunately, the content
of atractylenolide I and III from adventitious roots was insufficiently low compared to
the standard medicinal parts. In this study, we firstly examined the tissue cultural factors
related to the mass proliferation of adventitious roots except for chemical elicitation. Thus,
it is inferred that those tissue cultural factors may not significantly affect the change in the
productivity of secondary metabolites from adventitious roots of A. macrocephala. Moreover,
the whole incubation period of the adventitious roots was only 40 days. Therefore, if the
culture period of adventitious roots is fully extended or the physical conditions such as
culture temperature and light conditions are changed, it is expected that the productivity of
atractylenolide from the adventitious roots can be increased. Furthermore, FT-IR analysis
showed that overall metabolite content, including polysaccharide, protein, and polyphenol
from adventitious roots, was significantly different from that of the standard medicinal
parts (Figure 6). In the future, we are going to analyze various physiological activities,
including antioxidant, anti-bacterial, and cosmetic activity, using adventitious roots of A.
macrocephala. These studies will clarify whether the adventitious roots could be used as an
alternative means for standard medicinal parts of A. macrocephala.

The present study evaluated the impact of several cultural environment factors, includ-
ing IBA concentration, media types, MS inorganic salt concentrations, and elicitor types
and concentrations, on the establishment of the in vitro proliferation system of adventitious
roots. Furthermore, the study also revealed the metabolic discrimination system between
adventitious roots and the standard medicinal parts by FT-IR, combined with multivariate
analysis after the application of several cultural environment factors and elicitors. This
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research is critical because current agriculture demands a new approach that can overcome
the harmful factors affecting the cultivation of crops such as biological or abiotic stress,
pesticides, heavy metals, and poor soil conditions. The impact of the present study suggests
an alternative form of cellular agriculture for the production of biomass and bioactive
compounds employing A. macrocephala.

4. Materials and Methods

4.1. Plant Materials and Induction of Adventitious Roots from Leaf Explants

The in vitro shoots of A. macrocephala Koidz. were provided by Dr. Jae Whune Kim of
the Plant Biotechnology Park (9-4, Hari-gil, Bokheung-myeon, Sunchang-gun, Jeollabuk-do
595-833, Republic of Korea). The shoots were subcultured onto MS basal medium at four-
week intervals. The basal medium consisted of MS salts and the pH was adjusted to 5.8
using 1N NaOH, and then it was sterilized at 121 ◦C for 15 min. To induce adventitious
roots, root explants were cut into small segments (approximately 1 cm in length). The root
explants were then cultured onto a MS medium supplemented with 1 mg L−1 indole-3-
butyric acid (IBA), 30 g/L sucrose, and 0.6% Phyto agar at 25 ◦C in the dark. After six weeks
of incubation, the adventitious roots derived from root explants were cut and subcultured
onto the same fresh medium every 4 weeks for a total of 2 months. Unless stated otherwise,
all culture media contained 30 g L−1 sucrose and 0.6% Phyto agar. For liquid media, Phyto
agar was omitted. All cultures were maintained in the dark at 25 ◦C.

To establish the suspension culture system of adventitious roots, roots were cut into
small segments (approximately 2 cm in length) and then transferred to a 250 mL Erlenmeyer
flask containing 50 mL of liquid culture medium of the same composition. Suspension
culture of adventitious roots was maintained in a shaking incubator (JSSI-300CL, JSR,
Republic of Korea) at 100 rpm agitation at 25 ◦C in the dark.

4.2. Effect of IBA Concentrations, Types of Culture Media, and Inorganic Salt Concentrations in
Culture Medium on Growth of Adventitious Roots

To accelerate the proliferation of adventitious roots in the suspension culture system,
the effect of IBA concentrations, types of culture media, and inorganic salt concentrations
in the culture media on the amount of fresh and dry weight in adventitious roots was
examined. Approximately 30 mg (fresh weight) of suspension cultured adventitious roots
were transferred to an Erlenmeyer flask (100 mL) containing 25 mL of liquid culture
medium, supplemented with 30 g L−1 sucrose and 0, 0.1, 0.5, 1, 5, and 10 mg L−1 IBA,
respectively. The adventitious roots were collected and washed with distilled water every
10 days in the culture. After removing sufficient moisture from the surface, the fresh
weight was measured and then the roots were dried for 48 h in a dry oven at 60 ◦C so as to
measure the dry weight of adventitious roots. The changes in fresh weight and dry weight
of adventitious roots were investigated for 40 days of the culture. All treatments were
repeated 3 times. Adventitious root samples from each treatment were also freeze-dried
and pulverized into fine powder, using a pestle and mortar, for FT-IR analysis.

To examine the effect of culture media on the proliferation of adventitious roots,
suspension-cultured roots were transferred to liquid MS, SH, and B5 media that were
supplemented with 5 mg L−1 IBA and 30 g L−1 sucrose. All culture conditions, inoculation
methods, and the measurements of fresh and dry weight were performed in accord with
the above procedures.

The effect of inorganic salts in the culture medium on growth of adventitious roots
was also examined in the same manner. The suspension cultured roots were transferred
to solutions with 1/4, 1/2, 1, and 2 times the strength of MS liquid medium, supple-
mented with 5 mg L−1 IBA and 30 g L−1 sucrose. All culture conditions, inoculation
methods, and measurements of fresh and dry weight were performed in accord with the
above procedures.
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4.3. Effect of Elicitor Types and Concentrations on Growth and Metabolic Change in
Adventitious Roots

To investigate the effect of elicitor types and concentrations on metabolic change in
adventitious roots, each elicitor was treated during the last week of the whole growth
process. The concentrations of salicylic acid (SA) and methyl jasmonate (MeJA) treatments
were adjusted to 0, 6.9, 13.8, and 27.6 mg L−1, and 0, 11.2, 22.4, and 44.8 mg L−1, respectively.
After one additional week in the culture, adventitious roots were collected for examination
of their fresh weight and dry weight. All culture conditions, inoculation methods, and
measurements of fresh and dry weight were performed in accord with the above procedures.
All treatments were repeated 3 times. Adventitious root samples collected from each
treatment were also freeze-dried and pulverized into fine powder using a pestle and mortar
for HPLC and FT-IR analysis.

4.4. Quantification of Atractylenolide from Adventitious Roots by HPLC Analysis

Before analysis, the freeze-dried standard medicinal parts and adventitious roots
treated with elicitors of A. macrocephala were pulverized, powdered, and stored at −70 ◦C.
The medicinal parts, two standard samples (Std1 and Std2), were collected from A and B,
which are the representative production areas of A. macrocephala in the Republic of Korea.
These medicinal parts were kindly provided by the Korea Institute of Oriental Medicine,
and each elicitor-treated lyophilized adventitial root and standard medicinal parts were
quantified using HPLC for quantitative analysis of atractylenolide I and III. Each one gram
of root powder was extracted into 95% ethanol (1 g × 30 mL) for 4 h using an ultrasonic
extractor (Fisher Scientific Sonic Homogenizer Mod.60, Waltham, MA, USA) to ensure the
complete extraction of bioactive compounds. All samples were centrifuged at 3000 rpm
for 15 min and filtered through a 0.22 μm PTFE syringe filter. To obtain the extract, the
ethanol solution was evaporated in an oven at 40 ◦C, dissolved in sterile distilled water, and
then freeze-dried. The standard solutions of atractylenolide I and III were prepared using
100% methanol (v/v). The extracts from adventitious roots were prepared with the same
solvent used in the standard solution and analyzed using HPLC analysis. To construct a
standard calibration curve, atractylenolide I and III solutions were prepared in methanol.
The concentration to plot standard curves were 6.25, 12.5, 25, 50, and 100 μg mL−1 and
high linearity of R2 > 0.999 was obtained from each calibration curve equation.

The HPLC analysis for quantification of atractylenolide I and III from elicitor-treated
lyophilized adventitious roots and standard medicinal parts of A. macrocephala was per-
formed using an Agilent 1200 series HPLC system (Agilent Technologies, Palo Alto, CA,
USA), equipped with a diode array detector, binary gradient pump, autosampler, and
vacuum degasser. The indicated compounds were eluted using a ZORBAX Eclipse Plus
C18 column (C18, 4.6 mm I.D. × 250 mm, 5 μm particle size) at 25 ◦C with a flow rate of
1.0 mL/min. The injection volume was 10 μL with needle wash. The mobile phase com-
prised a mixture of acetonitrile and water. Atractylenolide I and III as standard compounds
were eluted under gradient conditions (0–15 min, 50:50; 15–25 min, 60:40; and 25–35 min,
70:30). Data were collected and integrated using Agilent Chemstation B.04.01 software.

4.5. Whole Cell Extract Preparation for FT-IR Spectroscopy

To prepare crude whole cell extracts from root samples, 20 mg of powder derived from
each root sample was mixed with 200 μL of 20% (v/v) methanol in a 1.5 mL Eppendorf
tube, as described below. The mixtures were incubated in a 50 ◦C water bath for 20 min,
followed by centrifugation at 13,000 rpm for 10 min. The resulting supernatants were
then transferred to a fresh Eppendorf tube. These crude whole cell extracts obtained from
adventitious roots and standard medicinal parts of A. macrocephala were stored at −20 ◦C
until analysis by FT-IR spectroscopy.
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4.6. FT-IR Spectroscopy and Multivariate Statistical Analysis

FT-IR spectroscopy analysis was performed according to the method of Kim et al. [17].
For the infrared measurements, a Tensor 27 FT-IR spectrometer (Bruker Optics GmbH,
Ettlingen, Germany), equipped with a deuterated triglycine sulfate (DTGS) detector was
used. After preheating the 384-well silicon plate to 37 ◦C, a supernatant sample (5 μL) was
dropped on it and allowed to dry for 20 min. After drying the plate, it was placed in a
microplate reader device (HTS-XT; Bruker Optics GbH, Ettlingen, Germany) and infrared
spectra were obtained using the Tensor 27 spectrometer. Additionally, all FT-IR spectra
were acquired with OPUS software (ver. 6.5, Bruker Optics Inc., Billerica, MA, USA).
Infrared spectra were recorded from 4000 to 400 cm−1 using a spectral resolution of 4 cm−1

interval. A signal-to-noise ratio of 128 interferograms was co-added and averaged with the
analytical results. The infrared spectra were obtained by subtracting the background spectra
of the plate used for sample deposition. The original digital FT-IR spectra were collected
from a spectral range of 1800 to 800 cm−1 for multivariate analysis. The pre-processing
steps included baseline correction, spectral intensity normalization, and smoothing (ver.
6.5, Bruker Optics Inc.), as well as differentiation using Python software (version 2.7.15;
Python Software Foundation). The processed spectral data were subjected to multivariate
statistical analysis.

The FT-IR spectral data were imported into the R statistical analysis program (version
2.15.0; R Development Core Team) for the multivariate statistical analysis. The spectral
data were limited to the 1800–800 cm−1 regions and then subjected to principal compo-
nent analysis (PCA) and partial least square discriminant analysis (PLS-DA). PCA was
performed using the non-linear iterative partial least squares (NIPALS) algorithm. The
PCA loadings were then examined to identify the variables that were most important for
discriminating between the root samples. To obtain a more distinct clustering of metabolic
variation between the root samples, PLS-DA was applied.

4.7. Statistical Analysis

Statistical analysis between different groups was evaluated with a t-test. At least three
biological replicates were performed for each analysis. Quantitative data are expressed as
mean ± standard deviation (SD). A Student’s t-test was conducted in Excel.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12091821/s1. Table S1: Quantification of atractylenolide I
and III from standard medicinal parts and adventitious roots with elicitor-treated of A. macrocephala.
Figure S1: Multivariate analysis of FT-IR spectral data from cell extracts of adventitious roots and
standard rhizome parts of A. macrocephala after incubation on different IBA concentrations; Figure S2:
Multivariate analysis of FT-IR spectral data from cell extracts of adventitious roots and standard
rhizome parts of A. macrocephala after incubation on different culture media; Figure S3: Multivariate
analysis of FT-IR spectral data from cell extracts of adventitious roots and standard rhizome parts of
A. macrocephala after incubation on different MS inorganic salt concentrations; Figure S4: Effect of
salicylic acid concentrations on change of fresh weight (A) and dry weight (C) and methyl jasmonate
concentrations on change of fresh weight (B) and dry weight (D) from adventitious roots of A.
macroscephala after 40 days of culture on MS medium containing 5 mg L−1 IBA; Figure S5: Calibration
curve used for atractylenolide I (A) and III (B) quantification by HPLC chromatography.
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Abstract: Oplopanax elatus is an endangered medicinal plant, and adventitious root (AR) culture is an
effective way to obtain its raw materials. Yeast extract (YE) is a lower-price elicitor and can efficiently
promote metabolite synthesis. In this study, the bioreactor-cultured O. elatus ARs were treated with
YE in a suspension culture system to investigate the elicitation effect of YE on flavonoid accumulation,
serving for further industrial production. Among YE concentrations (25−250 mg/L), 100 mg/L YE
was the most suitable for increasing the flavonoid accumulation. The ARs with various ages (35-, 40-,
and 45-day-old) responded differently to YE stimulation, where the highest flavonoid accumulation
was found when 35-day-old ARs were treated with 100 mg/L YE. After YE treatment, the flavonoid
content increased, peaked at 4 days, and then decreased. By comparison, the flavonoid content and
antioxidant activities in the YE group were obviously higher than those in the control. Subsequently,
the flavonoids of ARs were extracted by flash extraction, where the optimized extraction process was:
63% ethanol, 69 s of extraction time, and a 57 mL/g liquid–material ratio. The findings provide a
reference for the further industrial production of flavonoid-enriched O. elatus ARs, and the cultured
ARs have potential application for the future production of products.

Keywords: Oplopanax elatus; yeast extract; elicitor concentration; elicitation time; elicitation duration;
flash extraction

1. Introduction

Oplopanax elatus Nakai is a perennial shrubby plant of the Araliaceae family, mainly
distributed in Changbai Mountain area, with some distribution in Russia and Korea [1].
O. elatus has high pharmacological effects, such as antioxidant, anti-inflammatory, anti-
cancer, and antidepression [1]. However, the exploitation and utilization of O. elatus are
delayed due to the shortage of raw materials caused by an uncontrollable collection of
wild resources and the immature technology of artificial cultivation [2]. Adventitious roots
(ARs) of plants can be mass and rapidly produced using plant tissue culture technology [2],
and AR culture is an efficient way to obtain raw materials of rare medicinal plants [3]. Re-
cently, O. elatus ARs have been successfully cultured in batch [3–5] or fed-batch bioreactor
culture systems [2,6], and the fed-batch culture shows a high efficiency and has promising
application value [6]. In addition, O. elatus AR cultures contain various useful metabolites,
and flavonoids, as one of the main bioactive compounds, have important biological effects,
especially antioxidant activity [5]. Therefore, the production of O. elatus flavonoids using
AR culture could contribute to the development of antioxidant products in the future.

Bioreactor culture technology has been extensively applied in plant AR culture [2,6–10],
and the ARs of various plant species have been produced in large-scale bioreactor systems [11–13].
In AR bioreactor culture of medicinal plants, metabolite synthesis can be controlled by
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various strategies, such as improving the culture medium and air volume or inoculation
density, and implementing elicitation, among which the elicitation strategy is the most
efficient for enhancing metabolite synthesis [14]. For example, Ho et al. [15] indicated that
50 μM methyl jasmonate (MeJA) greatly improves the phenolic and flavonoid accumula-
tion of Polygonum multiflorum ARs. Le et al. [16] demonstrated that the saponin content
obviously increases when Panax ginseng ARs are treated with a biotic elicitor (Mesorhizobium
amorphae, GS3037). For O. elatus AR culture, we previously treated O. elatus ARs with MeJA
(200 μM) and found that flavonoid and phenolic contents were considerably enhanced in
the batch culture system [3]. However, the increased cost of AR culture caused by the high
price of elicitors, such as MeJA, must be considered in large-scale industrial production.
Consequently, excavating effective and economic elicitors is crucial for the production
of useful metabolites in a culture system. An elicitor, as a trigger factor, can promote
metabolite synthesis by regulating several enzyme activities; the elicitation effects and
their underlying mechanisms vary among the different elicitors [14]. Yeast extract (YE) is a
natural product obtained from yeast by separation and purification, and contains a variety
of components, such as polypeptide, amino acid, flavor nucleotide, trace elements, and B
vitamins [17]. The price of YE is much cheaper compared with MeJA, but its enhancement
effect on bioactive compound accumulation in plant cell/organ culture has been repeat-
edly mentioned [18,19]. For instance, Goncharuk et al. [18] elucidated that YE treatment
could increase phenolic compounds accumulation during Linum grandiflorum cell culture.
Maqsood and Abdul [19] indicated that YE is beneficial for alkaloid accumulation in the
hairy root culture of Catharanthus roseus. However, the elicitation effect of YE has not been
investigated in O. elatus AR culture. Therefore, in this study, O. elatus ARs produced in
a fed-batch bioreactor culture system were treated with YE in a suspension flask culture
system, and the suitable YE concentration, AR age contacting YE, and YE treatment dura-
tion were selected for the enhancement of flavonoid accumulation. Then, the elicitation
effect of YE was verified in the fed-batch bioreactor culture system by comparing flavonoid
contents and antioxidant activities of YE-treated and -untreated ARs. This study aimed to
confirm a suitable YE treatment method for obtaining large amounts of flavonoids through
O. elatus AR culture and to provide a reference for the production of antioxidant products.

The optimization of the extraction process is an important step before the production of
products. Flash extraction was firstly proposed in 1993 by Liu et al. [20], who indicated that
flash extraction has many advantages, such as sufficient extraction and saving time, solvent,
and energy. In this study, the flavonoids of YE-treated fed-batch bioreactor-cultured ARs were
extracted by flash extraction, and the extraction process was optimized using the response
surface method (RSM) to provide a reference for the further utilization of O. elatus ARs.

2. Results

2.1. Effect of YE Concentration on Flavonoid Accumulation of Fed-Batch Bioreactor-Cultured ARs

After 45 days of fed-batch bioreactor culture, ARs were treated with different con-
centrations of YE for 8 days, and then AR dry weight (DW) and flavonoid content were
determined to select a suitable YE concentration. Figure 1a shows that the AR biomass did
not change after YE treatment with different concentrations (25−150 mg/L). However, the
total flavonoid content increased significantly (p < 0.05) at 75 mg/L YE and 100 mg/L YE,
and the highest total flavonoid content was determined at 100 mg/L YE (Figure 1b). YE
lower than 75 mg/L or higher than 100 mg/L did not exhibit an enhancement effect on
flavonoid accumulation (Figure 1b). At the optimal YE concentration (100 mg/L), the total
flavonoid productivity exceeded 3 g/L, which was significantly (p < 0.05) higher than that
of the control and other YE concentration groups (Figure 1c).
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Figure 1. Effect of yeast extract (YE) concentration on biomass (a) and flavonoid content (b) and
productivity (c) of Oplopanax elatus adventitious roots (ARs). The 45-day-old fed-batch bioreactor-
cultured ARs were transferred to flasks and treated with YE for 8 days. Data represent the mean
value ± standard deviation (n = 3). The different letters within the same column indicate significant
difference by Duncan’s multiple range test at p < 0.05.

2.2. Effect of YE on Flavonoid Accumulation of Fed-Batch Bioreactor-Cultured ARs at Different Ages

The fed-batch bioreactor-cultured ARs at different ages (35-, 40-, and 45-day-old) were
treated with 100 mg/L YE (selected in the above YE concentration experiment) for 8 days,
and the elicitation effect of YE on flavonoid accumulation was investigated. AR DW did
not show a significant difference among the different groups (Figure 2a). Compared with
the YE-untreated control group, the total flavonoid contents in all YE groups increased
significantly (p < 0.05) (Figure 2b). The highest total flavonoid content was found when the
30-day-old ARs were treated with YE (100 mg/L), which was approximately 70 mg/g DW
more than that in the other YE treatment groups (Figure 2b). In the optimal YE treatment
time, i.e., treating 35-day-old ARs with 100 mg/L YE for 8 days, the flavonoid productivity
reached 4.7 g/L (Figure 2c), which was significantly higher than other YE groups (p < 0.05)
and the control (p < 0.01).

Figure 2. Effect of yeast extract (YE) on biomass (a) and flavonoid content (b) and productivity (c) of
Oplopanax elatus adventitious roots (AR) at different ages. The 35-, 40, and 45-day-old fed-batch
cultured O. elatus ARs were transferred to flasks and treated with 100 mg/L YE (the control group
was added with equal amount of the medium) for 8 days in the YE group. Data represent the mean
value ± standard deviation (n = 3). The different letters within the same color column indicate
significant difference by Duncan’s multiple range test at p < 0.05. ** indicates significant difference
between the groups of YE and control by Student’s t-test at p < 0.01.
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2.3. Effect of YE Treatment Duration on Flavonoid Accumulation of Fed-Batch Bioreactor-Cultured ARs

The 35-day-old fed-batch bioreactor-cultured ARs were treated with YE (100 mg/L)
on different days to investigate the elicitation effect of YE treatment duration. Figure 3a
shows that AR DW did not change from 1 day to 10 days in the control and YE treatment
groups. The flavonoid accumulation exerted an increase trend from 1 day to 4 days after
YE treatment, peaked at 4 days (354 mg/g DW), and then decreased in the following days
(Figure 3b). Compared with the control group, the total flavonoid content in the YE group
was significantly (p < 0.01) increased on all treatment days. After 4 days of YE treatment,
the flavonoid productivity reached 5.4 g/L (Figure 3c), which was 1.5 g/L higher than that
of the control.

Figure 3. Effect of yeast extract (YE) treatment duration on biomass (a) and flavonoid content (b) and
productivity (c) of Oplopanax elatus adventitious roots (ARs). The 35-day-old fed-batch bioreactor-
cultured ARs were transferred to flasks and treated with 100 mg/L YE (the control group was added
with equal amount of the medium) in the YE group. Data represent the mean value ± standard
deviation (n = 3). The different letters within the same line indicate significant difference by Duncan’s
multiple range test at p < 0.05. ** indicates significant difference between the groups of YE and control
at each time point by Student’s t-test at p < 0.01.

2.4. Comparison of Flavonoid Contents and Antioxidant Activities of YE-Treated and
YE-Untreated ARs in Fed-Batch Bioreactor Culture System

The ARs were cultured in the fed-batch bioreactor (5 L) system and treated with
100 mg/L YE for 4 days on day 35 according to the result of the above YE elicitation
experiments, and the contents of total flavonoids and rutin, quercetin, and kaempferide
were compared with those in the control. Table 1 shows that, in the YE group, the contents
of total flavonoids (582.2 mg/g DW), rutin (2.9 mg/g DW), and kaempferide (161.9 μg/g
DW) were significantly (p < 0.05) higher than those in the control; however, the quercetin
content was not significantly (p < 0.05) affected by the YE treatment. The AR DW in the YE
(67.17 ± 5.6 g/bioreactor) and control (65.14 ± 7.1 g/bioreactor) groups did not show a
significant (p < 0.05) difference. The total flavonoid productivity in the YE treatment group
reached 7.8 g/L, whereas that in the control group was only 4.6 g/L.

Table 1. Comparison of flavonoid contents between yeast extract (YE)-treated and YE-untreated
adventitious roots (ARs) of Oplopanax elatus in fed-batch bioreactor system.

Treatment
Total Flavonoids
(mg/g DW)

Rutin
(mg/g DW)

Quercetin
(μg/g DW)

Kaempferide
(μg/g DW)

control 357.7 ± 38.9 2.4 ± 0.1 234.5 ± 10.3 117.4 ± 7.5

YE 582.2 ± 11.7 * 2.9 ± 0.1 * 266.6 ± 11.7 161.9 ± 9.7 *
The ARs in the YE group were treated with 100 mg/L YE for 4 days on day 35 of the fed-batch bioreactor culture.
The ARs in the control group were cultured for 49 days in the fed-batch bioreactor culture system. Data represent
the mean value ± standard deviation (n = 3). * indicates significant difference between the groups of YE and
control by Student’s t-test at p < 0.05.
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Subsequently, antioxidant activities of extracts from YE-treated (YE-ARE) and YE-
untreated ARs (C-ARE) were compared by evaluating abilities of scavenging 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and 2′2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)+

radicals and chelating Fe2+. As shown in Figure 4, when YE-ARE concentrations increased
from 15.6 μg/mL to 31.3 μg/mL, the DPPH scavenging rate dramatically increased, and
then gently rose until 500 μg/mL YE-ARE; the DPPH scavenging rate in the control
group increased when increasing the C-ARE concentrations (Figure 4a). At all extract
concentrations, DPPH scavenging rates in the YE-ARE group were higher than those in the
C-ARE group. The concentration for 50% of the maximal effect (EC50) in the YE-ARE group
was only 19.8 μg/mL, whereas that in the C-ARE was 27.6 μg/mL. The ABTS+ scavenging
rate (Figure 4b) and Fe2+ chelating rate (Figure 4c) in the YE-ARE and C-ARE groups exerted
a similar pattern, which increased when the AR extract concentration increased. The EC50
values in the YE-ARE group regarding ABTS+ scavenging (0.85 mg/mL) and Fe2+ chelating
rates (4.61 mg/mL) were lower than those in the C-ARE group. The results of DPPH
and ABTS+ scavenging and Fe2+ chelating rates indicated the high antioxidant activity
of YE-treated ARs, which may be related to the high contents of flavonoids contained in
the YE-treated ARs (Table 1). The findings elucidate that YE-treated O. elatus ARs have
potential value for use in the development of antioxidant products.

Figure 4. Comparison of antioxidant ability of extracts from YE-untreated (C-ARE) and -treated
(YE-ARE) adventitious roots (ARs) of Oplopanax elatus from the fed-batch bioreactor culture. (a) DPPH
scavenging rate. (b) ABTS+ scavenging rate. (c) Fe3+ chelating rate. The ARs in YE group were
treated with 100 mg/L YE for 4 days on day 35 of fed-batch bioreactor culture. The ARs in the control
group were cultured for 49 days in fed-batch bioreactor culture system. DPPH = 2,2-diphenyl-1-
picrylhydrazyl; ABTS = 2′2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid). EC50 = concentration
for 50% of maximal effect. Data represent the mean value ± standard deviation (n = 3).

2.5. Flash Extraction Process Optimization of Flavonoids from YE-Treated Fed-Batch
Bioreactor-Cultured ARs

To future utilize the O. elatus AR cultures, this study used the flash extraction method
to extract the flavonoids of YE-treated ARs from the fed-batch bioreactor culture, and the
extraction process was optimized by RSM. To provide a basis for the RSM experiment,
single-factor experiments were implemented. Figure 5 shows that flavonoid yields were
significantly different among the three solvent groups (water, ethanol, and methanol), and
the highest value was found when ethanol was used as the solvent (Figure 5a). Then,
60% ethanol, 70 s of extraction time, and a 60 mL/g liquid−material ratio were selected
through conducting the experiments of ethanol concentration (Figure 5b), extraction time
(Figure 5c), and liquid−material ratio (Figure 5d). The single experiment results were used
in the following RSM experiment.

117



Plants 2023, 12, 2174

Figure 5. Effect of extraction solvent (a), solvent (ethanol) concentration (b), extraction time (c), and
liquid−material ratio (d) on flavonoid yield of Oplopanax elatus adventitious roots from fed-batch
bioreactor culture. Data represent the mean value ± standard deviation (n = 3). The different letters
within the same column indicate significant difference by Duncan’s multiple range test at p < 0.05.

The RSM experiment was designed based on a Box–Behnken design with three factors
(ethanol concentration [X1], extract time [X2], and liquid−material ratio [X3]) at three levels.
Each independent variable was coded at three levels between −1, 0, and +1 correspond-
ing to the low, mid, and high level (Table 2), which included a total of 17 combination
groups (Table 3). ARs were extracted depending on the extraction conditions of each
combination group, and the extraction efficiency was evaluated with the flavonoid yield as
the index. Table 3 shows that the flavonoid yield considerably differed among the groups,
where high flavonoid yields (>7%) occurred at the central points (group 2, 5, 16, and 17).

Table 2. Coded and experimental levels of independent variables used in response surface
method experiment.

Independent Variables
Coded Level

−1 0 +1

ethanol concentration (X1) 50% 60% 70%
extraction time (X2) 60 s 70 s 80 s
liquid–material ratio (X3) 50 mL/g 60 mL/g 70 mL/g

Further, the experimental data were fitted with various models (linear model, interac-
tive model, quadratic model, and cubic model), and the regression equation was obtained,
which was Y (flavonoid yield) = 7.06 + 0.3X1 + 0.096X2 − 0.17X3 − 0.23X1X2 − 0.37X1X3 +
0.36X2X3 − 0.78X1

2 − 0.61X2
2 − 0.52X3

2. The predicted flavonoid yield in each group was
calculated according to the regression equation, showing that it did not deviate much from
the actual data of the experiment (Table 3).
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Table 3. Box–Behnken experimental design matrix and experimental responses.

Groups
Codes (Levels) Flavonoid Yield (%)

Ethanol
Concentration (X1)

Extraction Time (X2)
Liquid−Material
Ratio (X3)

Actual Value Predicted Value

1 0 (60%) −1 (60 s) 1 (70 mL/g) 5.56 ± 0.12 5.66
2 a 0 (60%) 0 (70 s) 0 (60 mL/g) 7.00 ± 0.03 7.06
3 −1 (50%) −1 (60 s) 0 (60 mL/g) 4.99 ± 0.08 5.04
4 −1 (50%) 0 (70 s) 1 (70 mL/g) 5.45 ± 0.11 5.30

5 a 0 (60%) 0 (70 s) 0 (60 mL/g) 6.92 ± 0.07 7.06
6 1(70%) 0 (70 s) 1 (70 mL/g) 6.39 ± 0.16 6.22
7 0 (60%) 1 (80 s) −1 (50 mL/g) 6.69 ± 0.01 6.60
8 −1 (50%) 1 (80 s) 0 (60 mL/g) 6.19 ± 0.05 6.10
9 −1 (50%) 0 (70 s) −1 (50 mL/g) 6.18 ± 0.15 6.36

10 1(70%) 1 (80 s) 0 (60 mL/g) 5.90 ± 0.06 5.84
11 0 (60%) 0 (70 s) 0 (60 mL/g) 6.82 ± 0.04 7.06
12 0 (60%) −1 (60 s) −1 (50 mL/g) 5.50 ± 0.11 5.26
13 0 (60%) 1 (80 s) 1 (70 mL/g) 5.29 ± 0.12 5.52
14 1 (70%) −1 (60 s) 0 (60 mL/g) 5.60 ± 0.12 5.70
15 1 (70%) 0 (70 s) −1 (50 mL/g) 5.69 ± 0.07 5.84

16 a 0 (60%) 0 (70 s) 0 (60 mL/g) 7.34 ± 0.10 7.06
17 a 0 (60%) 0 (70 s) 0 (60 mL/g) 7.21 ± 0.01 7.06

Data represent the mean value ± standard deviation (n = 3). a Central points (used to determine the experimental error).

The result of the model adequacy test shows that the lack of fit (0.2712) was not
significant and that the correlation coefficient (R2) was high (0.9487) (Table 4), indicating
that the model was valid [21]. Ethanol concentrations significantly (p < 0.01) affected
the flavonoid yield, whereas the extraction time or liquid−material ratio did not show a
significant effect. The order of F values was: ethanol concentration (11.64) > liquid−material
ratio (3.73) > extraction time (1.18), indicating that the solvent concentration had the greatest
influence on the extraction efficiency, followed by the liquid−material ratio and extraction
time. In addition, Table 4 also shows that the interactions between the ethanol concentration
and liquid−material ratio (p = 0.0226) and the extraction time and liquid−material ratio
(p = 0.0247) were significant (p < 0.05), whereas that between the ethanol concentration and
extraction time was not significant (p = 0.1159).

Table 4. Model adequacy test and ANOVA analysis.

Variables Sun of Squares Degree of Freedom Mean Square F p

model 8.14 9 0.90 14.37 0.0010 **
X1 0.73 1 0.73 11.64 0.0113 *
X2 0.074 1 0.074 1.18 0.3137
X3 0.23 1 0.23 3.73 0.0948
X1X2 0.20 1 0.20 3.22 0.1159
X1X3 0.53 1 0.53 8.47 0.0226 *
X2X3 0.51 1 0.51 8.13 0.0247 *
X12 2.55 1 2.55 40.49 0.0004 **
X22 1.57 1 1.57 24.93 0.0016 **
X32 1.14 1 1.14 18.12 0.0038 **
residual 0.44 7 0.063 - -
lack of fit 0.26 3 0.086 1.90 0.2712
pure error 0.18 4 0.045 - -
cor total 8.58 16 - - -
R2 0.9487

X1 = ethanol concentration. X2 = extraction time. X3 = liquid−material ratio. * and ** indicate significant
differences at p < 0.05 and p < 0.01, respectively. R2 = correlation coefficient.
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The response surface plots also exhibited an interaction between both independent
variables (Figure 6). A nearly circular contour line is found in Figure 6a, indicating a
minor interaction between the ethanol concentration and extraction time; by contrast, oval
contour lines are found in Figure 6b,c, indicating high interactions between the ethanol
concentration and liquid−material ratio and the extraction time and liquid−material
ratio [22], which is consistent with Table 4.

Figure 6. Interaction effect of two factors on flavonoid yield of extract from Oplopanax elatus adventi-
tious roots (ARs). (a) interaction between ethanol concentration and extraction time. (b) interaction
between ethanol concentration and liquid−material ratio. (c) interaction between extraction time
and liquid−material ratio. The ARs were harvested from bioreactors after 4 days of yeast extract
(100 mg/L) treatment on day 35 of fed-batch bioreactor culture.

The optimal ethanol concentration (63%), extraction time (69 s), and liquid−material
ratio (57 mL/g) were obtained by applying the methodology of the desired function, and
the predicted flavonoid yield was 7.12%. Then, the optimized extraction conditions were
verified through three repeated tests. Table 5 shows that the flavonoid yields in the triplet
repeated tests were 7.04, 7.14, and 7.06%, with an average value of 7.08% and small relative
standard deviation (1.58), indicating that the result of the triplet repeated tests was stable
and close to the predicted value (7.12%) and proving that the optimized extraction process
was feasible.

Table 5. Verification result.

Experiment
Repetition

Flavonoid Yield
(%)

Average Flavonoid Yield
(%)

RSD
(%)

1st 7.04
7.08 1.582nd 7.14

3th 7.06
RSD = relative standard deviation.
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3. Discussion

Bioreactor culture of O. elatus ARs has been repeatedly studied in recent years using
batch and fed-batch culture methods [2,4–6,10]. Compared with batch culture, biomass
and bioactive compounds increase dramatically in fed-batch bioreactor culture because the
medium inhibition in the early culture stage can be avoided and the nutrient depletion in
mid or late culture stage can be replenished. However, efforts to increase bioactive com-
pounds need to be continued during the culture. MeJA as an elicitor has a good elicitation
role in many culture systems [4,23–26], including O. elatus AR culture. Jiang et al. [4] indi-
cated that MeJA (200 μM) increases bioactive compound production in the batch culture of
O. elatus ARs. However, the use of MeJA could greatly increase the production cost. Thus,
the selection of economical and efficient elicitors is vital for commercial production. In
this study, YE was selected as an elicitor to investigate its improvement effect on flavonoid
accumulation, aiming to apply the elicitation method on the further large-scale fed-batch
bioreactor culture for the mass production of flavonoid-enriched O. elatus ARs.

3.1. Optimization of YE Elicitation

Studies have indicated that plant metabolite synthesis can be promoted by various
elicitors, including YE [27–29]. However, no elicitation method is suitable for all culture
systems. The elicitation efficiency is affected by several factors, such as elicitor types,
elicitor concentrations, elicitation treatment time, and duration [30]. Therefore, the se-
lection of an appropriate elicitation strategy is essential for improving the production of
useful metabolites.

The concentration effect of elicitors can be divided into two types, i.e., the reaction
saturation type and optimum concentration type [31]. For the reaction saturation type,
secondary metabolite synthesis increases with an increase in elicitor concentrations, and
remains stable after reaching the maximum value. For the optimum concentration type,
secondary metabolite synthesis reaches the highest value at a certain level of elicitor
concentration, but decreases when the elicitor concentration continues to increase, where
most plant culture is of this type [31]. The effect of YE concentration has been investigated
by several researchers. For instance, Vijayalakshmi and Shourie [29] indicated that, among
the tested YE concentrations (25−175 mg/L), treating with 75 mg/L YE for 10 days is
the most suitable for promoting the flavonoid accumulation of Glycyrrhiza glabra calluses,
where the flavonoid yield is increased more than two-fold. Kochan et al. [32] obtained
the maximum yield of ginsenosides (Rb1, Rb2, Rc, Rd, Re, and Rg1) in hairy roots of
Panax quinquefolium at 50 mg/mL YE, which is obviously higher than that of the other
tested YE concentrations (50−2000 mg/L). In this study, we found that the total flavonoid
content of O. elatus ARs increased when increasing the YE concentrations, peaked at
100 mg/L YE, and then decreased when the YE concentration was higher than 100 mg/L,
elucidating that the concentration effect of YE on the flavonoid synthesis of O. elatus ARs
belongs to the optimum concentration type. These findings prove that the suitable YE
concentration is not equal in different culture systems and indicates the importance of
selecting elicitor concentrations.

At different stages of growth and development, the sensitivity of plant cells to elicitors
varies, and cells that accumulate a certain biomass can effectively receive the elicitor signals
and show a high activity [8]. The elicitation efficiency depends on the ages of cultures,
and generally shows a good effect when an elicitor stimulates plant cell/organ cultures
at the exponential or stationary growth stage. For example, Loc and Giang [28] treated
cell cultures of Centella asiatica with YE (4 g/L) on day 5, day 10, and day 15 of culture,
and suggested that YE treating 10-day-old cells is the most suitable for the production of
asiaticosides. In this study, compared with YE treating 40- and 45-day-old ARs, flavonoid
accumulation significantly (p < 0.01) increased when 35-day-old O. elatus ARs were treated
with YE (100 mg/L).

The effect of elicitation duration is also critically important. Because of the different
defense response rates of plant cells, the suitable elicitation duration differs in each culture
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system [8]. In plant cell/organ culture, metabolite accumulation tends to increase after
a certain elicitation duration and then decrease with an extension of the duration [33].
Farjaminezhad and Garoosi [27] demonstrated that a high azadirachtin content (16.1 mg/g
DW) occurs when Azadirachta indica cells are treated with YE (25 mg/L) for 2 days. Chen
and Chen [34] indicated that an increase in cryptotanshinone is achieved after 7 days of
YE treatment in Ti-transformed Salvia miltiorrhiza cell culture. In this study, we found that
treating 35-day-old fed-batch cultured O. elatus ARs with YE (100 mg/L) for 4 days was
most favorable for enhancing flavonoid synthesis.

The elicitation effect of YE in fed-batch O. elatus AR culture was clarified in this
study. Meanwhile, our recent study found that salicylic acid could also greatly increase the
bioactive compound accumulation of fed-batch cultured O. elatus ARs [35]. Therefore, to
maximize the production of the useful bioactive compounds, the combined use of elicitors
should be investigated in further studies.

3.2. Flavonoid Extraction Using Flash Extraction

Flash extraction is a new extraction technology with many advantages, such as being
fast and safe, saving energy, environmental protection, and having a high efficiency. Re-
cently, flash extraction has been used to extract various primary (such as polysaccharides,
oils, proteins) and secondary metabolites (such as phenols, alkaloids, and terpenoids)
of plants [36].

In flash extraction, many factors, such as solvent types and concentrations, the extrac-
tion time, the extraction temperature, and the liquid−material ratio, affect the extraction
efficiency [37]. To optimize the flash extraction process, various experimental design meth-
ods have been applied, among which RSM is commonly used [38]. For example, Zhang
et al. [39] optimized the flash extraction process using RSM for the extraction of phenolics
from Eriobotrya japonica leaves and indicated that the optimal extraction conditions are
62% ethanol as the solvent, a 32 mL/g liquid–material ratio, and 127 s of extraction time,
extracting twice. Li et al. [40] extracted flavonoids from Crotalaria ferruginea and applied
RSM to optimize the flash extraction process, and the optimal extraction process was 60%
ethanol as the solvent, 92 s of extraction time, and a 35 mL/g liquid−material ratio. In this
study, we extracted flavonoids of O. elatus ARs using flash extraction and used RSM to
optimize the extraction process. The result indicates that the optimal extraction process
was: 67% ethanol as the solvent, 67 s of extraction time, and a 57 mL/g liquid−material
ratio. Under this optimal extraction conditions, the flavonoid yield was higher than 7%.
This study proved that the flash extraction method was suitable for the extraction of O.
elatus ARs, which provides a theoretical basis for rapid and convenient extraction in further
large-scale production.

4. Materials and Methods

4.1. Plant Materials and YE Solution Preparation

O. elatus ARs were induced from in vitro cultured seedling roots. The induced ARs
were cut into approximately 1 cm length and batch cultured in a 5 L balloon-type airlift
bioreactor according to the method of Jiang et al. [5]. After 30 days of culture, the ARs were
used for fed-batch bioreactor culture.

YE powder (Shanghai Yuanye Bio-Technology Co., Ltd., Shanghai, China) was dis-
solved and diluted with deionized water. The YE solution was sterilized through a mem-
brane filter (0.22 μm) and then used in the following YE treatment experiments.

4.2. Fed-Batch AR Culture

The 20 g (fresh weight, FW) ARs were inoculated in a 5 L bioreactor with 3 L of half-
strength Murashige and Skoog (MS) medium [41] supplemented with 3 mg/L indolebutyric
acid (IBA) (Shanghai Yuanye Bio-Technology Co., Ltd., Shanghai, China) and 40 g/L sucrose.
After 15 days of culture, 2 L feeding medium (MS + 3 mg/L IBA + 60 g/L sucrose) was
added to the bioreactor. The pH of culture medium was adjusted to 5.8 prior to autoclaving.
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The bioreactor was aerated at 0.1 vvm (air volume/medium volume/min) and maintained
at 25 ◦C in the dark.

4.3. YE Elicitation Experiment Design

The experiment process is shown in Figure 7, namely ARs and culture medium were
collected from the bioreactor of fed-batch culture and transferred to flasks to conduct YE
treatment experiments; the confirmed YE treatment method was verified in the fed-batch
bioreactor system.

 

Verifying YE effect in 
fed-batch bioreactor 

culture system

Control             YE
Selecting suitable YE treatment 
method for enhancing flavonoid 

accumulation

Collected 
ARs and 
medium

Fed-batch 
bioreactor 

culture

Figure 7. Experiment process.

Elicitation experiments were performed using 250 mL Erlenmeyer flasks. In the first
experiment, the effect of YE concentration was investigated. ARs (20 g, FW) were inoculated
in the 5 L bioreactor and feeding medium was added after 15 days of initial culture. After
45 days (total culture days) of culture, approximately 600 g fresh ARs and 3 L culture
medium were collected. A total of 100 mL medium and 20 g fresh ARs was added to
the flask, as well as different concentrations of YE (25, 50, 75, 100, 125, and 150 mg/L);
an equal amount of the medium was added to the control group (YE = 0 mg/L). After
8 days of YE treatment, ARs were harvested from the flasks, and the AR biomass (DW)
and total flavonoid content were determined. In the second experiment, the effect of YE
on flavonoid accumulation of ARs at different ages was investigated. ARs (20 g, FW)
were inoculated in 5 L bioreactors, and feeding medium was added after 15 days of initial
culture. ARs and culture medium were separately collected from bioreactors after 35, 40,
and 45 days (total culture days) of culture. A total of 20 g fresh ARs and 100 mL medium
were added to the flask, and then 100 mg/L YE was added according to the result of
YE concentration experiment; equal amount of medium was added to the control group.
After 8 days of YE treatment, ARs were harvested from the flasks, and AR DW and total
flavonoid content were determined. In the third experiment, the effect of YE treatment
duration was investigated. ARs (20 g, FW) were inoculated in 5 L bioreactors, and feeding
medium was added after 15 days of initial culture. ARs and culture medium were collected
from bioreactors after 35 days (total culture days) of culture according to the result of above
experiment. A total of 20 g fresh ARs and 100 mL medium were added to the flasks, and
then 100 mg/L YE was added according to the result of YE concentration experiment; an
equal amount of medium was added to the control group. The ARs were sampled at 1-day
intervals, and the AR DW and total flavonoid content were determined. All flasks were
kept at 100 rpm on a shaker at 25 ◦C in the dark.
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4.4. Comparison of Flavonoid Contents and Antioxidant Activities between YE-Treated and
YE-Untreated ARs in Fed-Batch Bioreactor Culture

The elicitation effect of YE was verified in the fed-batch bioreactor culture system, and
the flavonoid contents and antioxidant activities between YE-treated and YE-untreated
ARs were compared.

In the YE group, 100 mg/L YE was added to the bioreactor on day 35 of fed-batch
bioreactor culture, and the ARs were harvested after 4 days of YE treatment (39 days of total
culture period). In the control group, the ARs were harvested after 39 days of fed-batch
bioreactor culture. At the end of the bioreactor culture, AR dry weight, the contents of
total flavonoids, rutin, quercetin, and kaempferide, and rates of scavenging DPPH, ABTS+

radicals, and chelating Fe2+ were determined.

4.5. Optimization of Extraction Process

To extract flavonoids, the YE-treated fed-batch bioreactor-cultured O. elatus ARs were
extracted using a flash extractor (Shanghai Precision Equipment Co., Ltd., Shanghai, China)
with a voltage of 220 V and a revolution of 10,000 rpm.

A total of 3 g dry ARs and solvent were added into an extraction vessel (500 mL)
and then extracted for the schedule time. The mixture solution was passed through a
sieve (38 μm) and the filtrate was collected. The filtrate was concentrated with a rotary
evaporator and then lyophilized to obtain the dry extract. The dry extract weight and the
flavonoid content were determined and then flavonoid yield was calculated according to
the following formula and used as an evaluation index.

Flavonoid yield (%) = (extract DW (g)/(AR DW [g]) × flavonoid content (mg/g DW) × 0.1

To optimize extraction process, single-factor experiments (Table 6) were firstly con-
ducted to select suitable solvent type and concentration, extract time, and liquid−material
ratio. On the basis of the result of the single-factor experiments, the RSM was used to
optimize the extraction process by adjusting ethanol (solvent) concentration, extraction
time, and liquid−material ratio (Table 2). A total of 17 combination groups are shown
in Table 3, and the ARs were extracted according to the relevant extraction condition of
each group.

Table 6. Single factor experiment design.

Experiments Solvent Type
Solvent Concentration

(%)
Extraction Time

(s)
Liquid−Material

Ratio (mL/g)

1 Water, ethanol,
methanol 80 60 40

2 Ethanol 40, 50, 60,
70, 80 60 40

3 Ethanol 80 40, 50, 60,
70, 80 40

4 Ethanol 80 70 30, 40, 50,
60, 70

4.6. Determination of AR Dry Weight

The harvested ARs were washed with distilled water trice and dried at 45 ◦C until a
constant weight was achieved after the AR surface water was removed, and then AR DW
was recorded.

4.7. Determination of Flavonoid Content

Total flavonoid content was determined according to the method of Jin et al. [6]. In
brief, the dry AR sample (0.1 g) was soaked in 10 mL of 70% ethanol, heated at 60 ◦C for
3 h, and filtered with a filter paper. The filtrate was used to determine the total flavonoid
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content via the aluminum nitrate colorimetric method at 510 nm using a spectrophotometer;
rutin was used as the standard. The result was expressed as the equivalent of rutin per
gram of the DW sample.

The method of Zhang et al. [42] was used to determine the contents of rutin, quercetin,
and kaempferide using high-performance liquid chromatography with a C15 column
(4.6 × 250 mm, 5 μm, Thermo Scientific, Waltham, MA, USA) and ultraviolet–visible
detector (SPD-15C, Shimadzu Co., Kyoto, Japan). The mobile phases were methanol (A)
and 0.1% phosphorus solution (B). Gradient elution was performed as follows: 55% B for
0−15 min and 20% B for 15−30 min. The flow rate was 0.8 mL/min. Rutin, quercetin,
and kaempferide were detected at 366 nm (Figure 8). Standards of rutin (purity > 98%),
quercetin (purity > 98%), and kaempferide (purity > 98%) were purchased from Shanghai
Yuanye Bio-Technology Co., Ltd. (Shanghai, China).

Figure 8. Chemical structure (a) and high-performance liquid chromatography profiles of rutin,
quercetin, and kaempferide standards (b) and adventitious root sample of Oplopanax elatus (c).
(1) Rutin. (2) Quercetin. (3) Kaempferide.

4.8. Determination of Antioxidant Activities

The dry samples of YE-treated ARs were soaked in 70% ethanol and heated at 60 ◦C
for 3 h. After filtration through a filter paper, the filtrate was lyophilized after concentrating
under a rotary evaporation. The dry extract was dissolved in deionized water and the
different concentrations of the AR extract were prepared using double dilution method.
The antioxidant activities of AR extracts of different concentrations were evaluated by
determining rates of scavenging DPPH and ATBS+ radicals and chelating Fe2+.

The method of Jiang et al. [5] was used to determine the DPPH radical scavenging rate.
In brief, a 96-well plate was added with100 μL of 10 mM DPPH (Notales Biotechnology Co.,
Ltd., Beijing, China) solution and 100 μL of AR extract (15.6−500 μg/mL). After 30 min
of reaction in the dark, the absorbance of the mixture was determined at 517 nm using a
microplate reader (iMark, Bio-Rad Laboratories, Inc., Hercules, CA, USA). To determine
ABTS+ scavenging rate, the ABTS+ solution was prepared according to Fu et al. [43]. A
total of 3.9 mL ABTS+ solution and 0.1 mL of AR extract (0.25−4 mg/mL) were mixed and
reacted for 6 min in the dark. The absorbance of the mixture was determined at 734 nm (UV-
T6, Beijing Purkinje General Instrument Co., Ltd., Beijing, China). The Fe2+ chelating rate
was determined using the method of Fu et al. [43]. In brief, a 96-well plate was added with
50 μL of AR extract (1.25−20 mg/mL), 2.5 μL FeCl2, 10 L ferrozine, and 137.5 L deionized
water, and was incubated for 10 min in the dark. The absorbance of the mixture was
determined at 562 mm (iMark, Bio-Rad Laboratories, Inc., Hercules, CA, USA).
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4.9. Statistical Analysis

All data are presented as the mean ± standard deviation of three independent repli-
cates. Data were analyzed using Duncan’s multiple range test or Student’s t-test by using
SPSS statistics 22.0 software (IBM Institute, Almonk, NY, USA). Values of p < 0.05 were
considered statistically significant.

5. Conclusions

The YE concentration, AR age of YE treatment, and YE treatment duration critically
affected the flavonoid accumulation of fed-batch bioreactor-cultured O. elatus ARs. The
concentration effect of YE belonged to the optimum concentration type, where the optimal
YE concentration was 100 mg/L; flavonoid accumulation was the most favorable when
35-day-old fed-batch cultured ARs were treated with 100 mg/L YE for 4 days, in which
the total flavonoid content was 224.5 mg/g DW higher than the control; the contents of
rutin and kaempferide were also greatly increased after YE treatment, whereas YE did
not significantly affect the quercetin content. Flavonoid accumulation was enhanced by
YE treatment, and the antioxidant activity was correspondingly increased; the rates of
scavenging DPPH and ABTS and chelating Fe2+ in YE-ARE were higher than those in
C-ARE. Flash extraction efficiently extracted flavonoids from O. elatus ARs, where the
optimized extraction process was: 63% ethanol, 69 s of extraction time, and a 57 mL/g
liquid−material ratio. The findings of this study provide a useful method for increasing
the flavonoid production of O. elatus ARs and form a theoretical basis for the utilization of
ARs in the future development of O. elatus ARs.
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Abstract: Catharanthus roseus L. (G.) Don is the most widely studied plant because of its high
pharmacological value. In vitro culture uses various plant parts such as leaves, nodes, internodes
and roots for inducing callus and subsequent plant regeneration in C. roseus. However, till now, little
work has been conducted on anther tissue using plant tissue culture techniques. Therefore, the aim
of this work is to establish a protocol for in vitro induction of callus by utilizing anthers as explants
in MS (Murashige and Skoog) medium fortified with different concentrations and combinations
of PGRs. The best callusing medium contains high α-naphthalene acetic acid (NAA) and low
kinetin (Kn) concentrations showing a callusing frequency of 86.6%. SEM–EDX analysis was carried
out to compare the elemental distribution on the surfaces of anther and anther-derived calli, and
the two were noted to be nearly identical in their elemental composition. Gas chromatography–
mass spectrometry (GC–MS) analysis of methanol extracts of anther and anther-derived calli was
conducted, which revealed the presence of a wide range of phytocompounds. Some of them are
ajmalicine, vindolinine, coronaridine, squalene, pleiocarpamine, stigmasterol, etc. More importantly,
about 17 compounds are exclusively present in anther-derived callus (not in anther) of Catharanthus.
The ploidy status of anther-derived callus was examined via flow cytometry (FCM), and it was
estimated to be 0.76 pg, showing the haploid nature of callus. The present work therefore represents
an efficient way to produce high-value medicinal compounds from anther callus in a lesser period of
time on a larger scale.

Keywords: anther culture; flow cytometry; GC–MS; phytochemical profiling; ploidy level; secondary
metabolites; SEM–EDX

1. Introduction

Catharanthus roseus (L.) G. Don, a member of the Apocynaceae family, is a popular
flowering plant. It is an indigenous species to Madagascar and is widely distributed
throughout the African, American, Asian and southern European regions. In India, C. roseus
has been spread across all the major parts of Gujarat, Madhya Pradesh, Assam, Bihar, Uttar
Pradesh, Karnataka and Tamil Nadu [1]. The plant is well known for both its ornamental
and medicinal value. It produces nearly 130 alkaloids, of which vincristine and vinblastine
are the two major compounds that are used in the treatment of leukemia and Hodgkin’s
lymphoma [2]. For decades, this plant has been exploited for pharmaceutically active
compounds from its native environments and thus is at risk of declining in the wild. Plant
tissue culture proves to be an effective biotechnological tool for the rapid propagation
of plants under aseptic conditions with a lesser risk of microbial infections [3]. Several
in vitro studies using different explants have been successfully conducted for somatic
embryogenesis [4] and organogenesis in C. roseus [5,6].
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In recent times, double haploid (DH) production via anther is a promising option
for developing improved plant varieties with high yields of medicinally important bioac-
tive compounds [7]. In vitro anther culture has been attempted in various plants such
as Actinidia arguta Planch [8] and Triticum aestivum L. [9]. Various factors such as stage
of anther, culture conditions, plant growth regulators (PGRs) and genotypic and ploidy
status determine the success of DH generation [10]. These factors necessitate ascertaining
the ploidy status of anther-derived callus to generate true-to-type DH lines, which can be
performed with a flow cytometric technique. The flow cytometry method (FCM) measures
the genome size by examining the nuclei at a relatively faster rate and thus validates the
ploidy levels of different plant tissues [11]. Recent investigations of genome size analysis
using FCM have been reported for different plants [12,13]. Phytochemical profiling using
gas chromatography coupled with mass spectrometry (GC–MS) has emerged as an im-
portant procedure for identifying and quantifying therapeutically significant compounds
present in medicinal plants. This technique is relatively faster, accurate and needs a mini-
mum volume of extracts to detect a wide range of bioactive compounds such as alkaloids,
long-chain hydrocarbons, steroids, sugars, amino acids and nitro compounds [14]. Major
bioactive compounds extracted from different plant parts of C. roseus such as stem, root
and leaf include vincristine, vinblastine, reserpine, ajmalicine, vindolinine and catharine,
which possess anti-cancerous, anti-diabetic, anti-fungal and anti-microbial activities [15].
GC–MS-based profiling has been recently reported for several plants including Silybum mar-
ianum L. [16] and Chukrasia velutina [17], but the information on tissue-culture-raised plants’
phytocompound profiling is relatively much less. The present work, therefore, focuses on
investigating the ploidy status of anther-derived callus of C. roseus using flow cytometry.
The elemental composition of both anther and anther calli was studied using a scanning
electron microscopy–energy-dispersive X-ray microanalysis (SEM–EDX) technique. The
identification of the bioactive compounds present in methanolic extracts of anther and
anther-derived calli was conducted for the first time in C. roseus using GC–MS analysis.
This report will help to understand and improve the yield of the important pharmaceutical
compounds synthesized from anther-derived callus.

2. Results

2.1. Callus Induction and Proliferation

In this study, the anthers were used as explants to induce callus on MS medium
augmented with different concentrations and combinations of NAA and kinetin or TDZ
alone (Figure 1A). The callusing response ranged from 13.3% to 86.6% on all the tested
media (Table 1). Among the PGRs utilized, a combination of NAA and kinetin produced
maximum callus (86.6%) at concentrations of 1.0 mg/L and 0.1 mg/L, respectively, followed
by 0.75 mg/L TDZ with a frequency of 73.3%. On the other hand, TDZ alone at 0.5 mg/L
showed the least incidence of callusing efficiency (13.3%). The highest callus fresh weight
was noted to be 1.7 g on MS medium containing 1.0 mg/L NAA and 0.1 mg/L kinetin.
The calli obtained were white to pale yellow in color and friable in nature (Figure 1B–D).
The anther callus was noted to be recalcitrant, as plant regeneration (embryogenesis and
organogenesis) was not achieved on any medium added with various PGR combinations.

Table 1. Effect of different concentrations and combinations of PGRs on callus induction and callus
biomass (fresh weight) from anther explants of C. roseus.

PGRs Concentration (mg/L) Callusing Frequency (%) Mean Fresh Weight (g)

Control 0 0 e 0 c

NAA + Kn 0.1 + 1.0 26.6 ± 12.4 cde 0.8 ± 0.3 abc

0.5 + 0.75 33.3 ± 14.9 cde 0.9 ± 0.3 ab

0.75 + 0.5 53.3 ± 16.9 abc 1.1 ± 0.3 ab

1.0 + 0.1 86.6 ± 8.1 a 1.7 ± 1.7 a
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Table 1. Cont.

PGRs Concentration (mg/L) Callusing Frequency (%) Mean Fresh Weight (g)

TDZ 0.5 13.3 ± 8.1 de 0.5 ± 0.3 bc

0.75 73.3 ± 27.8 ab 1.3 ± 0.2 ab

1 46.6 ± 16.9 bcd 0.9 ± 0.2 ab

Mean values followed by the same superscripts within a column are not significantly different according to DMRT
at p ≤ 0.05 level.

Figure 1. Cont.

131



Plants 2023, 12, 2186

 
Figure 1. In vitro callus induction, proliferation and scanning electron microscopic (SEM) images of
anther and anther-derived callus of C. roseus. (A,B): callus initiation (bars = 0.5 cm); (C,D): callus
proliferation after 6 and 9 weeks, respectively (bars (C) = 1.0 cm, (D) = 0.5 cm); (E): side view of
anther (bar = 200 μm); (F): a portion of anther-derived callus (bar = 20 μm).

2.2. Surface Morphology and Elemental Analysis

SEM–EDAX analysis was carried out to determine the elemental composition of anther
as well as anther-derived callus. The SEM images and their respective spectra are shown
in Figure 1E,F and Figure 2, respectively. The various peaks in both spectra reveal carbon,
oxygen, sodium and phosphorous to be the major elements present on the surfaces of
anther and anther-derived calli. In both the samples, the carbon and oxygen peaks are
prominent and of high intensity, whereas those of sodium and phosphorous are of nearly
equal intensity. The quantitative estimation of elements is presented in Table 2.

Table 2. Elemental composition of anther and anther-derived callus of C. roseus using SEM–EDX analysis.

S.No. Element Anther Explant Anther-Derived Callus

Weight % Atomic % Weight % Atomic %

1 Carbon 33.59 70.67 47.34 79.42
2 Oxygen 12.65 19.97 11.55 14.55
3 Sodium 1.93 2.12 1.63 1.42
4 Phosphorous 0.87 0.71 1.03 0.67

2.3. GC–MS Analysis

The bioactive compounds present in methanolic extracts of anthers (donor material)
and anther-derived callus of C. roseus (Figure 3) were identified using the GC–MS technique.
The active principles with their retention time (RT), peak area % (concentration), molecular
formula and molecular weight from the NIST library are presented in Tables 3 and 4, and
the GC–MS chromatograms are presented in Figure 4A,B. The chromatograms reveal more
than 50 phytocompounds in both methanolic extracts belonging to various classes such as
terpenoids, phenols, lignans, steroids, alkaloids and fatty acids.
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Figure 2. SEM–EDX analysis micrographs showing elemental composition of C. roseus. (A): field
grown anther; (B): anther-derived callus.

 

Figure 3. Extract preparation for GC–MS analysis of C. roseus. (A): dried powder of anther-derived
callus; (B): dried powder of field-grown anther; (C): methanolic extracts of the samples (A,B).
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Table 3. List of phytocompounds identified in the methanolic extract of field-grown anther of C. roseus
using GC–MS analysis.

S.No. RT (min) Peak Area % Name of the Compound
Molecular
Formula

Molecular
Weight

1 3.760 1.62 Ethylcyclopentenolone C7H10O2 126

2 4.436 1.12 Pyranone C6H8O4 144

3 5.484 1.17 Coumaran C8H8O 120

4 5.739 0.42 1-monoacetin C5H10O4 134

5 6.287 0.26 6-oxoheptanoic acid C7H12O3 144

6 6.504 0.38 Indole C8H7N 117

7 6.628 0.14 4-vinylguaiacol C9H10O2 150

8 7.616 2.12 1,2-octanediol C8H18O2 146

9 9.101 18.42 Guanosine C10H13N5O5 283

10 9.816 0.45 2,6-dimethoxy-4-vinylphenol C10H12O3 180

11 10.086 0.78 1,2-benzenedicarboxylic acid, diethyl ester C12H14O4 222

12 10.473 0.09 Cedrol C15H26O 222

13 10.796 0.17 Dihydromethyljasmonate C13H22O3 226

14 11.050 3.78 Quinic acid C7H12O6 192

15 11.914 0.08 2-benzylideneoctanal C15H20O 216

16 12.061 2.86 Mome inositol C7H14O6 194

17 13.082 0.13 Diisobutyl phthalate C16H22O4 278

18 13.411 0.11 Heptadecane C17H36 240

19 13.681 0.09 Methyl palmitate C17H34O2 270

20 14.117 0.18 n-hexadecanoic acid C16H32O2 256

21 14.403 0.12 Eicosane C20H42 282

22 15.355 4.71 Hexacosane C26H54 366

23 15.883 0.09 Docosanoic acid C22H44O2 340

24 16.259 0.79 Tetracosane C24H50 338

25 16.910 0.35 9-tricosanol acetate C25H50O2 382

26 17.134 9.78 Hexatriacontane C36H74 506

27 17.293 0.20 4,5-dihydro-2-[(8Z,11Z)-8,11-
heptadecadienyl]oxazole C20H35NO 305

28 17.398 0.19 4,8-cyclododecadien-1-one C12H18O 178

29 17.963 1.13 Dotriacontane C32H66 450

30 18.571 0.30 Octacosanol C28H58O 410

31 18.765 2.82 n-tetracontane C40H82 562

32 18.953 0.80 alpha-monostearin C21H42O4 358

33 19.536 0.22 1-bromotriacontane C30H61Br 500

34 20.322 0.11 Linoleyl acetate C20H36O2 308

35 20.523 0.12 (-)-Coronaridine C21H26N2O2 338

36 21.137 27.01 Squalene C30H50 410

37 22.759 0.19 Arachidic acid, 3-methylbutyl ester C25H50O2 382

38 22.896 0.57 beta-tocopherol C28H48O2 416
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Table 3. Cont.

S.No. RT (min) Peak Area % Name of the Compound
Molecular
Formula

Molecular
Weight

39 23.543 0.30 Vitamin E C29H50O2 430

40 24.640 1.20 Campesterol C28H48O 400

41 24.766 0.30 Ergostan-3-ol C28H50O 402

42 25.105 0.08 Trans-24-ethylidenecholesterol C29H48O 412

43 25.178 0.52 3-oxocholestane C27H46O 386

44 25.440 0.22 p-coumaric acid, 2-methylpropyl ether,
2-methylpropyl ester C17H24O3 276

45 25.603 2.87 gamma-sitosterol C29H50O 414

46 25.762 0.57 Stigmastanol C29H52O 416

47 26.055 0.16 Ergosta-4,24(28)-dien-3-one C28H44O 396

48 26.132 0.87 4-campestene-3-one C28H46O 398

49 26.230 0.23 Cholestanone C27H46O 386

50 27.321 2.72 Methyl commate C C31H50O4 486

51 28.021 5.54 alpha amyrin C30H50O 426

Table 4. List of phytocompounds identified in the methanolic extract of anther-derived callus of
C. roseus using GC–MS analysis.

S.No. RT (min) Peak Area % Name of the Compound
Molecular
Formula

Molecular
Weight

1 3.598 0.58 1,3,5-triazine-2,4,6-triamine C3H6N6 126

2 4.320 0.10 Isopropylmethylnitrosamine C4H10N2O 102

3 4.498 5.49 1,2,3-propanetriol C3H8O3 92

4 5.040 0.23 3-cis-methoxy-5-trans-methyl-1R-cyclohexanol C8H16O2 144

5 5.270 0.35 Catechol C6H6O2 110

6 5.402 0.50 2,5,5-trimethylhepta-2,6-dien-4-ol C10H18O 154

7 5.508 3.89 5-hydroxymethylfurfural C6H6O3 126

8 5.735 1.06 1-monoacetin C5H10O4 134

9 5.949 0.15 Decanoic acid C10H20O2 172

10 6.304 0.40 4-oxopentyl acetate C7H12O3 144

11 7.133 0.24 Eugenol acetate C12H14O3 206

12 8.022 0.07 Indan-1,3-diol monoacetate C11H12O3 192

13 8.728 6.16 Guanosine C10H13N5O5 283

14 9.764 0.08 Dodecanoic acid C12H24O2 200

15 10.784 0.15 Dihydromethyljasmonate C13H22O3 226

16 10.986 0.10 1-(4-isopropylphenyl)-2-methylpropyl acetate C15H22O2 234

17 11.145 0.27 Benzoic acid, 2-hydroxy-, heptyl ester C14H20O3 236

18 11.555 0.19 Methyl myristate C15H30O2 242

19 11.934 0.61 4-((1E)-3-hydroxy-1-propenyl)-2-
methoxyphenol C10H12O3 180
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Table 4. Cont.

S.No. RT (min) Peak Area % Name of the Compound
Molecular
Formula

Molecular
Weight

20 12.030 0.11 Tridecanoic acid C13H26O2 214

21 12.246 0.20 Stearic acid methyl ester C19H38O2 298

22 12.334 0.72 Octadecanoic acid, methyl ester C19H38O2 298

23 12.640 0.14 Pentadecanoic acid, methyl ester C16H32O2 256

24 13.075 0.29 Diisobutyl phthalate C16H22O4 278

25 13.255 0.03 1-hexadecanol C16H34O 242

26 13.298 0.62 Hexadecanoic acid, methyl ester C17H34O2 270

27 13.467 0.19 Methyl palmitoleate C17H32O2 268

28 13.580 0.03 7,9-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-
2,8-dione C17H24O3 276

29 13.676 3.96 Methyl palmitate C17H34O2 270

30 14.113 0.21 n-hexadecanoic acid C16H32O2 256

31 14.305 0.49 Decyl hexofuranoside C16H32O6 320

32 14.387 0.50 Eicosanoic acid, methyl ester C21H42O2 326

33 14.533 0.36 Cis-sinapyl alcohol C11H14O4 210

34 14.664 0.15 Heptadecanoic acid, methyl ester C18H36O2 284

35 14.925 0.12 Oxybenzone C14H12O3 228

36 15.316 3.31 Linoleic acid, methyl ester C19H34O2 294

37 15.374 1.97 Ethyl oleate C20H38O2 310

38 15.423 0.72 Oleic acid, methyl ester C19H36O2 296

39 15.607 0.79 Octadecanoic acid, methyl ester C19H38O2 298

40 16.399 0.70 cis-10-nonadecenoic acid, methyl ester C20H38O2 310

41 16.816 0.08 4,8,13-duvatriene-1,3-diol C20H34O2 306

42 17.290 0.08 4,5-dihydro-2-[(8Z,11Z)-8,11-
heptadecadienyl]oxazole C20H35NO 305

43 17.335 0.03 (Z)-2-(pentadec-8-en-1-yl)-4,5-dihydrooxazole C18H33NO 279

44 17.379 0.16 Methyl arachidate C21H42O2 326

45 17.589 0.45 6-methyladenine, TMS derivative C9H15N5Si 221

46 17.888 0.09 Octadecanoic acid, 2,3-dihydroxypropyl ester C21H42O4 358

47 18.239 0.15 Henicosanal C21H42O 310

48 18.746 0.12 Nonadecylpentafluoropropionate C22H39F5O2 430

49 18.948 0.21 alpha-monostearin C21H42O4 358

50 19.006 0.28 Docosanoic acid, methyl ester C23H46O2 354

51 19.522 0.21 Vindolinine C21H24N2O2 336

52 19.775 0.12 Methyl tricosanoate C24H48O2 368

53 20.046 0.09 Octocrylene C24H27NO2 361

54 20.317 0.25 n-propyl linoleate C21H38O2 322

55 20.593 0.10 Pleiocarpamine C20H22N2O2 322

56 21.122 0.89 Squalene C30H50 410

136



Plants 2023, 12, 2186

Table 4. Cont.

S.No. RT (min) Peak Area % Name of the Compound
Molecular
Formula

Molecular
Weight

57 22.404 0.36 (+)-Pericyclivine C20H22N2O2 322

58 22.793 0.47 Ajmalicine C21H24N2O3 352

59 23.162 0.20 Cholesta-4,6-dien-3-ol C27H44O 384

60 23.470 0.24 Ajmalicine oxindole C21H24N2O4 368

61 24.641 1.69 Campesterol C28H48O 400

62 24.901 1.23 Stigmasta-5,20(22)-dien-3-ol C29H48O 412

63 25.035 0.84 19-epiajmalicine C21H24N2O3 352

64 25.187 5.32 3-oxocholestane C27H46O 386

65 25.476 2.09 beta-stigmasterol C29H48O 412

66 25.600 2.42 gamma-sitosterol C29H50O 414

67 25.790 1.76 (E)-1-(6,10-dimethylundec-5-en-2-yl)-4-
methylbenzene C20H32 272

68 25.990 0.30 (22E)-ergosta-4,7,22-trien-3-one C28H42O 394

69 26.137 4.88 4-campestene-3-one C28H46O 398

70 26.235 4.62 Cholestanone C27H46O 386

71 26.459 4.47 Stigmasterone C29H46O 410

72 26.547 0.22 6-dehydroprogesterone C21H28O2 312

73 26.640 0.56 Cycloartenol C30H50O 426

74 26.776 0.20 3,5-cholestadien-7-one C27H42O 382

75 26.869 0.61 Ergosta-4,6,22-trien-3-one C28H42O 394

76 27.336 7.08 gamma-sitostenone C29H48O 412

77 27.448 1.97 24-methylenecycloartanol C31H52O 440

78 27.806 0.93 Stigmasta-3,5-dien-7-one C29H46O 410

79 28.442 5.87 4,4-dimethylcholestan-3-one C29H50O 414

80 28.846 3.78 (22E)-4-methylstigmast-22-en-3-one C30H50O 426

81 30.011 5.55 3-acetylcholestan-2-one C29H48O2 428

Among the compounds identified, 1-monoacetin, guanosine, dihydromethyljasmonate,
n-hexadecanoic acid, squalene, campesterol, cholestanone and gamma-sitosterol were the
most prevalent present in both extracts. Only the methanolic extract of anthers contained
bioactives such as cedrol (0.09%), (-)-coronaridine (0.12%), 4-vinylguaiacol (0.14%), vitamin
E (0.30%), stigmastanol (0.57%), quinic acid (3.78%) and alpha amyrin (5.54%) (Table 3),
and their respective mass spectra are shown in Figure S1A. The extract of anther-derived
calli was found to have characteristic metabolites such as pleiocarpamine (0.10%), vin-
dolinine (0.21%), cis-sinapyl alcohol (0.36%), (+)-pericyclivine (0.36%), ajmalicine (0.47%),
cycloartenol (0.56%) and beta-stigmasterol (2.09%) (Tables 4 and 5) having specific mass
spectra (Figure S1B).

2.4. Flow Cytometric Analysis

The ploidy status of callus obtained from anther was determined using a flow cyto-
metric approach wherein good quality nuclei are a necessity. In this study, the leaves of
field-grown C. roseus were utilized as an external standard reference (control). The flow
cytometric histogram peak of callus reveals that its DNA content was nearly half to that of
its diploid counterpart (control) (Figure 5A,B). The nuclear DNA content of anther-derived
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cell/callus was 0.76 pg compared to the diploid leaves’ DNA (1.51 pg) with a DNA Index
(DI) of 0.51 (Table 6). This estimation confirms the haploid DNA status of callus obtained
from anther.

(A) 

Figure 4. Cont.
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(B) 

Figure 4. (A): GC–MS chromatogram (total ionic chromatogram) of methanolic extract of anthers
of C. roseus; (B): GC–MS chromatogram (total ionic chromatogram) of methanolic extract of anther-
derived callus of C. roseus.

Table 5. List of important phytocompounds identified exclusively in the methanolic extract of
anther-derived callus of C. roseus using GC–MS analysis.

S.No. RT (min) Name of the Compound Molecular Formula

1 7.133 Eugenol acetate C12H14O3

2 12.246 Stearic acid methyl ester C19H38O2

3 14.533 Cis-sinapyl alcohol C11H14O4

4 14.925 Oxybenzone C14H12O3

5 15.316 Linoleic acid, methyl ester C19H34O2

6 15.423 Oleic acid, methyl ester C19H36O2

7 19.522 Vindolinine C21H24N2O2

8 20.046 Octocrylene C24H27NO2

9 20.593 Pleiocarpamine C20H22N2O2

10 22.404 (+)-Pericyclivine C20H22N2O2

11 22.793 Ajmalicine C21H24N2O3

12 25.035 19-epiajmalicine C21H24N2O3

13 25.476 beta-stigmasterol C29H48O

14 26.459 Stigmasterone C29H46O

15 26.547 6-dehydroprogesterone C21H28O2

16 26.640 Cycloartenol C30H50O

17 27.336 gamma-sitostenone C29H48O
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Figure 5. Flow cytometric histograms revealing ploidy level of (A) diploid leaves of C. roseus
(standard) and (B) anther-derived callus of C. roseus.

Table 6. Estimation of nuclear DNA content, genome size and DNA index of anther-derived callus
with respect to donor plant of C. roseus using flow cytometry technique.

Plant Sample Type Nuclear DNA Content (pg) Genome Size (Mbp) * DNA Index (DI) **

Standard (leaves) 1.51 1476.7 -
Anther-derived callus 0.76 743.2 0.51

* 1 pg = 978 Mbp [18]. ** DNA Index = sample DNA content/standard DNA content.

3. Discussion

The present work was conducted to evaluate the callusing potentiality of anthers of C.
roseus under in vitro culture conditions. The type and concentration of PGRs used in media
strongly affect callusing ability and are different in different plant species. Initially, the
anthers were subject to different concentrations and combinations of PGRs amended in MS
medium. The results indicate that a high-to-low ratio of auxin: cytokinin concentrations
was proven to be the best in inducing callus with a maximum mean fresh weight, which
is very similar to Kou et al.’s [19] and Rout et al.’s [20] observations. Likewise, TDZ
alone at different concentrations was found to be equally effective in producing callus and
subsequent proliferation. Previous reports suggested that TDZ (a cytokinin-like PGR) alone
may be used in improving callusing ability in different explants [21,22]. A comparison
of the elemental distribution on the surfaces of anther and anther-derived callus was
performed using SEM–EDX analysis, revealing a nearly similar elemental composition
on both samples. EDX analyzes X-rays emitted from samples receiving a high-energy
electron beam. This technique facilitates the qualitative and semi-quantitative detection of
surface elements of samples and has been extensively used on various plant species such
as sesame [23] and lemongrass [24].

Medicinal plants are an ingenious source of bioactive compounds that fight against
several chronic diseases, and these phytocompounds can be identified and quantified using
the GC–MS technique [25]. In the current study, phytochemical profiling with GC–MS of
methanolic extracts (Figure 5) of anther and anther-derived callus of C. roseus has been
conducted. The results obtained show the presence of various phytoconstituents, including
carbohydrates, alkaloids, phenols, saponins, phytosterols, terpenoids, steroids, etc. A total
of 14 bioactives are common in both the extracted samples. However, there are compounds
that are exclusive to each sample that confer various biological properties to this plant.
The presence of secondary metabolites in callus, which are otherwise not detected in
anther tissue, may be due to the fact that certain bioactive compounds accumulate in
specific cells or tissues or in a specific growth stage (mostly the stationary phase) of in vitro
cultures [26]. Therefore, developing callus from different tissues to obtain therapeutically
active compounds is of high significance.
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The major compounds of medicinal value present in the methanolic extract of an-
thers were squalene (triterpene), alpha-amyrin (triterpene), coronaridine (alkaloid) and
cedrol (essential oil), which possess anti-oxidant, gastroprotective and hepatoprotective,
anti-cancerous and anti-inflammatory properties, respectively [27–30]. Similarly, in anther-
derived calli exclusively, 17 compounds are present having diverse medicinal proper-
ties, and these compounds are listed in Table 5. These include stearic acid, linoleic acid,
oleic acid, vindolinine, pleiocarpamine, pericyclivine, ajmalicine, 19-epiajmalicine, beta-
stigmasterol, cycloartenol, etc. Ajmalicine and vindolinine are well-known alkaloids having
anti-cancerous, anti-hypertensive and anti-oxidant properties [15,31]. Recently, an alkaloid
named pleiocarpamine has been isolated from the stem bark of Rauvolfia caffra and is re-
ported to possess anti-seizure activity [32]. Cycloartenol (a triterpenoid) and stigmasterol
(a sterol) have also been detected in present studies and are associated with immunosup-
pressive, anti-hypercholestrolemic and anti-inflammatory activities, respectively [33,34].
Compounds such as cycloartenol, ajmalicine, vindolinine, pleiocarpamine and pericyclivine
have been reported previously in leaf tissues of C. roseus [35,36]. Some reports of phyto-
compounds identified from different tissues using GC–MS were noted earlier [37,38], but
till now, no information on the phytocompounds present in anther or anther-derived callus
was available for C. roseus.

The ploidy status of anther-derived callus was checked using flow cytometry, and
the results show that the ploidy of the calli was haploid in nature, confirming the involve-
ment of microspores in developing callus. Similar observations have also been reported
for other plant species [7,10,39]. FCM is the widely used approach for determining the
ploidy of plants developed through callus, somatic embryos and other in vitro-regenerated
pathways [40]. The origin of diploid plants from anthers may be due to the involvement
of other somatic cells such as anther wall, filament or flower septum in developing callus.
Spontaneous chromosomal doubling can also be a mechanism in the generation of poly-
ploidy in anther-derived regenerants. In certain cases, mixoploids and aneuploids have
also been noted in anther cultures of different plants [8,41], but these polyploids were not
detected in this experiment. This is the first-ever report of GC–MS analysis of medically
significant compounds from anther tissue of C. roseus, which enriches the phytocompound
library of Catharanthus and may be utilized in the pharmaceutical and industrial sectors.

4. Materials and Methods

4.1. Anther Culture and Growth Conditions

The mature flowers of C. roseus were collected from the herbal garden, Jamia Hamdard,
New Delhi, and the anthers were used as explants for experimentations. The surface
sterilization of flowers was performed following the method of Bansal et al. [3] described
earlier. The sterilized anthers were excised from the flowers and aseptically cultured onto
agar-solidified basal Murashige and Skoog (MS) medium supplemented with various
concentrations and combinations of plant growth regulators (PGRs) and sub-cultured every
3–4 weeks. The cultures were incubated at a temperature of 24 ± 2 ◦C with 48 μmol/m2/s2

illumination (white fluorescent light) for a 16 h photoperiod.

4.2. Callus Induction and Proliferation

The disinfected anthers were inoculated on MS augmented with different concen-
trations (alone or in combination) of α-naphthalene acetic acid (NAA), kinetin (Kn) and
thidiazuron (TDZ) ranging from 0.1 to 1.0 mg/L for callus induction. Callus formation
started within 14–16 days of culture and proliferated on the same medium with successive
subculturing. The callus induction frequency and the callus fresh weight were recorded
after 6 weeks of culture.

Callus induction frequency (%) =
Number of explants showing callusing

Total number of explants inoculated
× 100
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4.3. Surface Morphology and Elemental Analysis

The surface morphology and elemental profile of anther and anther-derived callus
were determined using energy-dispersive X-ray microanalysis (EDX) combined with scan-
ning electron microscopy (SEM). For this purpose, the samples were primarily fixed with
Karnovsky’s fixative and washed with 0.1 M phosphate buffer at 4 ◦C. Afterward, a series
of dehydrations with acetone (30%, 50%, 70%, 90% and 100%) were performed at 15 min
intervals, and then critical-point drying was performed at 1100 p.s.i. These samples were
then mounted on aluminum stubs and sputter-coated with gold having a 35 nm thick
film. Finally, the coated samples were viewed at an accelerating voltage of 20 kV under a
scanning electron microscope (Zeiss, Oberkochen, Germany) equipped with EDAX.

4.4. Preparation of Extracts

The methanolic extracts of both samples were prepared according to the protocol of
Hussain et al. [42]. About 1.0 g of anther and anther callus were shade dried and crushed
into fine powder using mortar and pestle (Figure 3A,B). Each sample was then extracted in
5.0 mL methanol in an orbital shaker for 48 h. Afterward, the extracts were filtered through
Whatman filter paper no. 1 and evaporated to dryness. The obtained extracts were stored
in an airtight container with proper labeling at 4 ◦C for further use (Figure 3C).

4.5. GC–MS Analysis

GC–MS analyses of these extracts were conducted on GC–MS QP-2010 equipment
(Shimadzu, Japan) at Advanced Instrumentation Research Facility (AIRF), JNU, New Delhi.
The program settings were as follows: Helium was used as a carrier gas (1 mL/min), and
the initial and final temperatures were programmed at 100 ◦C and 260 ◦C, respectively, with
a hold time of 18 min. Ion source temperature was 220 ◦C with an interface temperature of
270 ◦C and solvent cut time of 2.5 min. Other specifications included: detector gain mode
relative to the tuning result, detector gain +0.00 kV, threshold of 1000, start time 3 min, end
time 39.98 min, event time 0.3 s, scan speed of 2000, start m/z 40.00 and end m/z 600.00.

4.6. Metabolite Data Processing and Analysis

The bioactive compounds were identified using the mass spectral database of the
NIST17 library. The unknown compounds’ spectra were compared with the known phy-
tocompound spectra available in the NIST library, and the name, molecular weight and
structure of the compounds were determined.

4.7. Flow Cytometric Analysis

The ploidy status of anther-derived calli was examined using the flow cytometry
method as described by Galbraith [43]. A total of 3 samples of anther-derived callus were
randomly chosen, along with a reference standard of diploid leaves of C. roseus with a
known 2C DNA content of 1.51 pg [44]. Approximately 50 mg of callus was added to a
Petri plate having 1.0 mL ice-cold Galbraith’s buffer (nuclei isolation buffer) and finely
macerated with the help of a surgical blade. The homogenate was then filtered with a
100 μm nylon mesh to eliminate larger cellular remnants and was finally stained with
50 μg/mL PI RNase (propidium iodide RNase) (Sigma-Aldrich, St. Louis, MO, USA) for
8–10 min. The samples were incubated in the dark at 4 ◦C for about 40 min and eventually
examined on a BD FACS(Calibur) flow cytometer (BD Biosciences, Franklin Lakes, NJ,
USA). The relative nuclear DNA of anther-derived callus of C. roseus was estimated using
the below formula [45]:

Nuclear DNA content of sample (pg) = 2C DNA content of standard (pg)× mean position of G0/G1 peak of sample
mean position of G0/G1 peak of standard

4.8. Statistical Analysis

In the tissue-culture experiment, three explants (anthers) per culture tube were in-
oculated with five replicates of every experimental treatment, and each experiment was
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repeated twice. The data are expressed as mean ± standard error, and the analysis was per-
formed using one-way analysis of variance (ANOVA). The significance of mean difference
was determined using Duncan’s multiple range test (DMRT) at p < 0.05 using SPSS Ver.
26.0 (SPSS Inc., Chicago, IL, USA) [46]. The flow cytometric study was repeated thrice with
randomly chosen standard (donor plant) and callus samples.

5. Conclusions

The in vitro culture technology was successfully employed to obtain callus from anther
tissue of C. roseus, an important medicinal plant. The callus was checked for its ploidy
status using flow cytometry and was found to be haploid in nature. The calli obtained
from anther were then subjected to GC–MS analysis for phytocompound identification.
Among the bioactive compounds identified, ajmalicine, vindolinine, pleiocarpamine, peri-
cyclivine, stigmasterol, campesterol and squalenes were detected and have a wide range
of biological activities. From this study, it can then be concluded that anther-derived calli
are a potent source for developing new therapeutic drugs with larger-scale applicability in
pharmaceutical sectors.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants12112186/s1, Figure S1A,B: Mass spectra of identified compounds
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Abstract: Andrographis paniculata (Burm.f.) Wall. (Acanthaceae) is revered for its medicinal properties.
In vitro culture of medicinal plants has assisted in improving both the quantity and quality of their
yield. The current study investigated the effects of different surface sterilization treatments, plant
growth regulators (PGRs), and elicitors on culture establishment and axillary shoot multiplication
of A. paniculata. Subsequently, the production of andrographolide in the in vitro plantlets was
evaluated using high-performance liquid chromatography (HPLC) analysis. The shoot-tip explant
was successfully sterilized using 60% commercial bleach for 5 min of immersion with a 90% survival
rate and 96.67% aseptic culture. The optimal PGR for shoot growth was 6-benzylaminopurine (BAP)
at 17.76 μM, supplemented into Murashige and Skoog (MS) media, producing 23.57 ± 0.48 leaves,
7.33 ± 0.10 shoots, and a 3.06 ± 0.02 cm length of shoots. Subsequently, MS medium supplemented
with 5 mg/L chitosan produced 26.07 ± 0.14 leaves, 8.33 ± 0.07 shoots, and a 3.63 ± 0.02 cm length
of shoots. The highest andrographolide content was obtained using the plantlets harvested from
5 mg/L chitosan with 2463.03 ± 0.398 μg/mL compared to the control (without elicitation) with
256.73 ± 0.341 μg/mL (859.39% increase). The results imply that the protocol for the shoot-tip culture
of A. paniculata was developed, and that elicitation enhanced the herbage yield and the production
of andrographolide.

Keywords: chitosan; contamination; elicitation; plant growth regulators; salicylic acid; surface
sterilization

1. Introduction

Andrographis paniculata (Burm.f.) Wall., commonly known as the King of Bitters, be-
longs to the family Acanthaceae. It is widely used in East Asian, South Asian, and Southeast
Asian traditional remedies. Leaves and aerial parts of this plant are usually employed
in traditional medicine to treat hepatitis, bronchitis, colitis, cough, fever, mouth ulcers,
sores, tuberculosis, bacillary dysentery, venomous snake bites, common cold, urinary tract
infections, and diarrhea [1]. Lactone terpenoids, specifically andrographolide, dehydroan-
drographolide, neoandrographolide, and deoxyandrographolide, are the main bioactive
compounds produced in A. paniculata [1]. Andrographolide is a promising candidate to
remediate various diseases such as inflammation, colds, and cancer [2].

Plants 2023, 12, 2953. https://doi.org/10.3390/plants12162953 https://www.mdpi.com/journal/plants146



Plants 2023, 12, 2953

The initial step of in vitro culture is the obtaining of microorganism-free explants
from the mother plant to be propagated by tissue culture. The contamination problem is
the critical limiting factor that is frequently encountered at the early stage. The type of
sterilization agent, its concentrations, and the time of immersion are all factors to consider
during the sterilization process [3,4]. The most often-used sterilization agents include
sodium hypochlorite (NaClO), mercuric chloride (HgCl2), hydrogen peroxide (H2O2),
ethanol (C2H5OH), and silver nitrate (AgNO3). However, Suraya et al. [5] found that
mercury chloride can be hazardous due to its volatile properties at room temperature and
was excessively toxic to humans and the environment.

Biotechnological approaches, particularly those involving plant tissue culture, help
produce desirable bioactive metabolites [6]. Higher production of bioactive and secondary
metabolites has been reported in many tissue-cultured herbs compared to their mother
plants. Plant tissue culture offers an alternative method that can overcome the limita-
tions of extracting valuable bioactive and secondary metabolites, limits which arise from
constrained natural resources [5].

Axillary shoot multiplication effectively addresses the problems related to conven-
tional propagation techniques, such as limited seed viability and slow growth rate [7]. A
previous study found that direct shoot regeneration from the nodal segment, seed and
leaf-derived callus, and stem of A. paniculata was achieved when cultured on media sup-
plemented with BAP and 1-naphthalene acetic acid (NAA) [8]. Another study reported
that the multiplication of Andrographis paniculata shoots can be achieved using BAP with
indole-3-acetic acid (IAA) [9]. Variables such as growth regulators, nutrient media, and light
conditions can be optimized to enhance the biomass production and secondary metabolites
of A. paniculata [10].

Elicitation using microbial, physical, and chemical agents is a practice commonly used
to regulate plant growth and induce stress in the culture. Chitosan has also been reported
to have enhanced natural defense responses in plants and has been used as a natural com-
pound to control pre- and post-harvest pathogenic diseases [11]. Antimicrobial activities of
chitosan-treated cultures against various phytopathogens have been reported [12]. Other
than chitosan, salicylic acid (SA) can also enhance the bioactive metabolites from medicinal
plants, which function in plant development and metabolism, crop production, and pest
control [2]. Due to its hormone-like activity, SA has also synthesized and accumulated
bioactive metabolites in various plant species via in vitro systems [6].

Enhancing bioactive metabolites through in vitro culture techniques is advantageous
for developing models with scale-up potential. Hence, it can be widely employed as a
novel technique to produce the desired bioactive metabolites [13]. The present study aimed
to develop a reliable protocol for shoot-tip culture of A. paniculata. Surface sterilization,
multiplication, elicitation, and the quantification of andrographolide production in in vitro
plantlets of A. paniculata were conducted.

2. Results

2.1. Surface Sterilization

The results showed that different concentrations and immersion durations of com-
mercial bleach affected the survival percentage of the explants (Figure 1a). The highest
survival percentage (90%) was observed in Treatment 9 (60% commercial bleach; 5 min
immersion), while the lowest survival percentage was recorded in Treatments 1 and 11
with 40% and 70% commercial bleach with immersion for 1 and 10 min, respectively, with
6.67% survival. On the other hand, based on the obtained results, Treatment 11 (70% of
commercial bleach; 10 min immersion) showed the highest aseptic culture percentage
(96.67%) (Figure 1b), while the lowest aseptic culture percentage was recorded in Treatment
1 (40% of commercial bleach; 1 min immersion), with 3.33% of aseptic culture.
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Figure 1. Effects of different commercial bleach concentrations and immersion durations on establish-
ing sterile culture from shoot-tip explant of A. paniculata: (a) survival percentage; (b) aseptic culture
percentage. T1 (40%, 1 min), T2 (40%, 10 min), T3 (40%, 5 min), T4 (50%, 1 min), T5 (50%, 10 min),
T6 (50%, 5 min), T7 (60%, 1 min), T8 (60%, 10 min), T9 (60%, 5 min), T10 (70%, 1 min), T11 (70%,
10 min) and T12 (70%, 5 min), where values in percentage refer to commercial bleach concentration.
Values are means of n = 30. T = treatment. Means followed by the same letters indicate that there is
no significant difference (p < 0.05) using least significant means (LS-means).

2.2. Shoot-tip Culture

All the treatments of different PGRs, including the control, showed positive responses
in the proliferation of buds when shoot-tip was used as explant. Parameters of the
number of leaves, number of shoots, and length of shoots were increased from Treat-
ments 1 to 6. The highest herbage yield for all parameters was observed in Treatment 6
(17.76 μM BAP), with 23.57 ± 0.48 leaves, 7.33 ± 0.10 shoots, and a 3.06 ± 0.02 cm length of
shoot (Table 1, Figure 2), while Treatment 1 (control) showed the lowest herbage yield with
5.03 ± 0.08 leaves, 1.70 ± 0.04 shoots and a 2.25 ± 0.02 cm length of shoot, respectively.

Table 1. Effects of plant growth regulators and their concentrations on the number of leaves, shoots,
and lengths of shoot from shoot-tip explants of A. paniculata.

Treatment Number of Leaves Number of Shoots Length of Shoot (cm)

T1 (control) 5.03 ± 0.08 e 1.70 ± 0.04 d 2.25 ± 0.02 e
T2 (2.22 μM BAP + 0.49 μM IBA) 8.43 ± 0.17 d 2.00 ± 0.05 c 2.46 ± 0.01 d

T3 (2.22 μM BAP) + 5.37 μM NAA) 8.40 ± 0.18 d 1.80 ± 0.05 cd 2.28 ± 0.01 e
T4 (8.88 μM BAP + 2.69 μM NAA) 18.30 ± 0.21 c 3.60 ± 0.05 b 2.71 ± 0.02 c

T5 (8.88 μM BAP) 19.70 ± 0.38 b 3.8 ± 0.05 b 2.82 ± 0.01 b
T6 (17.76 μM BAP) 23.57 ± 0.48 a 7.33 ± 0.10 a 3.06 ± 0.02 a

Values are means ± standard error (SE) of n = 30. Means followed by the same letters within the same
column indicate no significant difference (p < 0.05) using Tukey’s honestly significant difference (HSD)
analysis. BAP: 6-benzylaminopurine; IBA: indole-3-butyric acid; NAA: 1-naphthalene acetic acid.
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Figure 2. Shoot-tip culture of A. paniculata cultured on MS media supplemented with 17.76 μM BAP
on day 21. BAP: 6-benzylaminopurine.

2.3. Elicitation

From the previous experiment, an A. paniculata explant was excised from plantlets
cultured on optimal medium for shoot-tip culture (MS + 17.76 μM BAP). MS medium
supplemented with 17.76 μM BAP was subjected to different concentrations of chitosan and
SA (1–5 mg/L, with 1 mg/L interval). The effect of the different chitosan- and SA-treated
cultures were assessed in terms of the numbers of leaves and shoots, and the length of
the shoots. The results showed an incremental trend in the parameters obtained when
applied with different elicitors. The highest number of leaves and shoots and the high-
est length of shoots were recorded in MS media supplemented with 5.0 mg/L chitosan
with 26.07 ± 0.14 leaves, 8.33 ± 0.07 shoots, and a 3.63 ± 0.02 cm length of shoots, re-
spectively (Table 2). At the same time, the control treatment showed the lowest herbage
yield with 23.57 ± 0.48 leaves, 7.33 ± 0.07 shoots, and a 3.06 ± 0.02 cm length of shoot,
respectively. The same incremental trend could be observed when the shoot-tip explant
was cultured onto MS media supplemented with SA until 4.0 mg/L SA, and then the
trend starts to decline at the 5.0 mg/L SA treatment. This suggests that MS media supple-
mented with 4.0 mg/L SA showed the optimum treatment for SA-treated cultures, with
25.97 ± 0.06 leaves, 7.97 ± 0.10 shoots, and a 3.19 ± 0.00 cm length of shoot, respectively.

Table 2. The effect of different elicitors and their concentrations on the number of leaves, number of
shoots, and the length of shoots (cm) using shoot-tip explant of A. paniculata.

Treatment (mg/L)
Number of

Leaves
Number of

Shoots
Length of

Shoots (cm)

Control 23.57 ± 0.48 b 7.33 ± 0.07 c 3.06 ± 0.02 de
1.0 SA 23.60 ± 0.31 b 7.37 ± 0.10 c 2.69 ± 0.02 h
2.0 SA 23.63 ± 0.24 b 7.47 ± 0.04 c 2.88 ± 0.02 g
3.0 SA 24.70 ± 0.33 ab 7.53 ± 0.04 c 2.93 ± 0.02 gf
4.0 SA 25.97 ± 0.06 a 7.97 ± 0.10 b 3.19 ± 0.00 c
5.0 SA 24.77 ± 0.13 ab 7.90 ± 0.04 b 2.98 ± 0.01 ef

1.0 Chitosan 23.80 ± 0.50 b 7.37 ± 0.06 c 3.09 ± 0.02 d
2.0 Chitosan 24.03 ± 0.37 b 7.57 ± 0.03 c 3.10 ± 0.02 d
3.0 Chitosan 24.17 ± 0.30 b 7.90 ± 0.04 b 3.33 ± 0.02 b
4.0 Chitosan 24.53 ± 0.08 b 7.93 ± 0.04 b 3.34 ± 0.02 b
5.0 Chitosan 26.07 ± 0.14 a 8.33 ± 0.07 a 3.63 ± 0.02 a

Note: Values are means ± standard error (SE) of n = 30. Means followed by the same letters within the same
column indicate that there is no significant difference (p < 0.05) using Tukey’s honestly significant difference (HSD)
analysis. SA: salicylic acid.
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2.4. Quantification of Andrographolide in Shoot-Tip Extracts of Micropropagated A. paniculata

The present study investigates andrographolide production from plantlets obtained
from shoot-tip explants cultured onto MS media supplemented with chitosan and SA.
A total of 5 mg of standard andrographolide was dissolved in 5 mL of 100% methanol
(HPLC grade) obtaining a stock of 1000 μg/mL. The stock solution was further diluted
to obtain the dilution range of the calibration curve. The range of the calibration curve of
andrographolide standards was 0, 20, 40, 60 and 100 ppm, with a correlation coefficient of
0.9989. This indicated that the linearity of the studied method complied with the regulatory
requirement. Figure 3a shows the chromatogram standard at 100 ppm. The highest
andrographolide production was found in MS media treated with 5.0 mg/L chitosan
(2463.03 ± 0.398 μg/mL), while the lowest andrographolide production was obtained from
the control treatment, with 256.73 ± 0.341 μg/mL (Figure 3b) at retention time 3.84 min
and 254 nm.

 
(a) 

 
(b) 

Figure 3. (a) Chromatogram of standard andrographolide; retention time 3.84 min at 254 nm and
(b) andrographolide production of plantlets derived from shoot-tip culture under the influence of
chitosan and salicylic acid at different concentrations.
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3. Discussion

Surface sterilization is used to achieve sterility in order to prevent bacterial and fungal
contamination. The surface sterilization protocol increased the aseptic percentage in the
shoot-tip explants. However, it also led to necrosis of the explants, thus making it harder
to rejuvenate them [14–16]. Contamination in cultured explants can occur within three to
ten days after inoculation, as mentioned by Chen and David [17]. However, if the contami-
nation occurs at a later stage, it can be concluded that the plant materials used might be
infected. Hence, regardless of how optimal and effective the surface sterilization protocol
is, contamination will occur as a result of exudation from the endogenous microbial culture
of the planting materials. Although antibiotics can be used to remediate the problem, it is
advisable to select a healthy mother plant rather than treat them with antibiotics, which
would incur more costs. Clorox, a bleach containing 5.25% NaClO, is an effective sterilizing
agent for various plant species, but their responses can vary, depending on explant types.
Different species and plant parts can produce a variety of observations. Herbaceous plants
are more easily surface sterilized and produce more positive responses as compared to
woody plants due to the juvenility of the plant tissues. Different plant parts also need to
be considered when choosing the concentration of the sterilant. Plant parts such as stems
and embryos encapsulated in a seed pod will not become necrotic as frequently as would
young shoots or petals when used as explants for surface sterilization, as these tissues are
more fragile. As observed in many studies, different explant types have different concen-
tration requirements for sterilants, including Phyllanthus niruri, Gerbera hybrida, Aquilaria
malaccensis, and Zingiber officinale [5,18–20]. The concentration of commercial bleach af-
fects its effectiveness in reducing contaminants and its potential to cause tissue injury. A
higher concentration of bleach reduces contaminants but can cause tissue injury, resulting
in browning, low percentages of explant survival, and the death of explants. Prolonged
exposure to high concentrations of sterilants will produce phenolics, which will also lead
to the browning and death of explants. Hence, a balance between commercial bleach
concentration and the duration of immersion needs to be considered when conducting
surface sterilization. Browning can be prevented by reducing sterilant exposure, increasing
NaClO concentration, or keeping cultures in dark conditions. The browning of explants
may also result from the stress conditions induced by the in vitro system, as observed in
herbs such as Cestrum nocturnum [21], Solanum tuberosum [22], Zingiber officinale [23] and
Matricaria chamomilla [1].

Axillary bud proliferation is one of the micropropagation pathways that utilize axil
parts (e.g., meristem, shoot-tip, and nodal segment) to develop into plantlets [24,25]. Since
this technology does not involve cell dedifferentiation of differentiated cells but rather the
development and growth of new shoots from pre-existing meristems, it has usually been
pointed out as the most commercially viable way of propagating plants in vitro [26]. Among
the methods utilizing axils, shoot-tip culture is the most widely used and considered the
most commercially viable method for guaranteeing the genetic stability of the plantlets
obtained [25]. Not only that, but shoot-tip culture is also a rapid technique that does not
require special equipment in the manner of meristem tip culture, in which the meristem
part needs to be isolated under the microscope. The application of cytokinin is essential, as
it helps to break the bud dormancy phase of the explants. Cytokinins control the size of
the shoot meristem, the number of leaf primordia, and the growth of the leaf and shoot by
promoting cell division [25]. Hence, it is important to choose juvenile plant tissues due to
the abundance of natural phytohormones, compared to plant tissues that already aging. 6-
benzylaminopurine (BAP) is more effective for shoot proliferation than are other cytokinins
(kinetin, thidiazuron, picloram) [27,28]. In the present study, all shoot-tip explants showed
positive growth. However, the growth was slower in treatments without PGRs. This
observation concurred with the understanding of the roles of cytokinin in plant growth
by stimulating cell division. According to Nor Mayati and Jamnah [29], slow growth is
probably due to insufficient nutrients before the differentiation stage. These results differed
from the findings by Suraya et al. [5], who stated that aseptic nodal segments of Phyllanthus
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niruri cultured on MS medium fortified with 1.0 mg/L BAP produced the highest number
of shoots and the combination of kinetin and BAP induced multiple shoot formation in
all nodal explants. MS medium supplemented with high BAP produced better results for
Dracocephalum kotschyi shoot propagation [30]. Similar results were achieved for the bud
proliferation of Musa acuminata [31], Mentha piperita [27] and Scutellaria altissima [6].

It was known that the explants’ responses were different depending on the elicitors’
types. The elicitors play a vital role in maintaining organisms’ growth, but they are harmful
to plants at high concentrations, as elicitors can act as stress agents to plants. When
plants are under stress conditions, the herbage yield, biomass, and subsequently bioactive
compounds will be altered. Using this knowledge, a number of research efforts have
been conducted to enhance the herbage yield, biomass, and bioactive compounds in the
treated plants. The increased biomass accumulation following chitosan application is due
to the ability to boost the availability and absorption of water and essential nutrients by
controlling the cells’ osmotic pressure [32]. A similar observation of biomass production
has been reported for various in vitro culture systems for different plant species, such as
callus culture of Fagonia indica [13], as well as cell suspension of Silybum marianum [32].
Chitosan has been reported to have a symbiotic relationship with growth-promoting
rhizobacteria, thus triggering the germination rate and improving plant nutrient uptake [33].
The application of chitosan for herbage yields can be observed in many species, including
Artemisia aucheri [34], safflower [6], Swertia paniculata [35], and Coffea arabica [36]. Different
SA concentrations promote or inhibit plant growth in different plant species by modulating
cell division and expansion [2]. SA regulates plant growth via multiple pathways [37]. The
altered endogenous SA levels in plants can result in abnormal growth phenotypes [38].
Further investigation by Wang et al. [2] found that SA accumulation in the cad1 mutant
promotes the quiescent center of cell division through the accumulation of reactive oxygen
species and downregulation of the transcription factor genes. The results of the current
study on SA application align with a previous study reported by Golkar et al. [6] and Koo
et al. [38], in which plant growth was inhibited by applying high levels of elicitors. The
reduction of callus production after adding high amounts of SA might be attributed to the
stress induced upon cell growth and cell division. Previous studies’ results have shown the
inhibitory effects of SA on plant growth development [39].

Plants are good sources for the discovery of pharmaceutical compounds and medicines.
Natural products could be potential drugs for humans or livestock species, and these
products and their analogs can act as intermediates for synthesizing useful drugs [40].
Phytochemical screening of medicinal plants is crucial in identifying new sources of
therapeutically and industrially essential compounds [41,42]. In the current study, the
production of andrographolide was higher when the MS media was supplemented with
chitosan than it was with supplementation with SA. The andrographolide production was
double when chitosan was applied in the MS media. The content of andrographolide and
other diterpene lactones was higher than that reported by Jindal et al. [43] and Pawar
et al. [44] when both studied different PGR combinations in the media. Another study
on Vitis vinifera extract found that chitosan significantly enhanced the targeted bioactive
compounds [45]. Moreover, the synthesis of polyphenolics, secoiridoid, glycosides, lignin,
flavonoids, and phytoalexins was observed in Fagonia indica [13], Swertia paniculata [35]
and Silybum marianum [32] after being treated with chitosan. SA-treated culture proved
to increase the production of fatty acids from Jatropha curcas callus grown in vitro [46].
Additionally, SA regulates the production of swertiamarin and amarogentin glycosides
in Swertia paniculata [35], and phenolic and flavonoid compounds in Fagonia indica [13].
Moreover, SA also acts as a self-protective agent in in vitro culture of Nicotiana tabacum [38]
and Arabidopsis thaliana [47].
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4. Materials and Methods

4.1. Plant Material

A. paniculata were collected from the nursery site at the Faculty of Agriculture, Univer-
siti Putra Malaysia Serdang, Selangor. The plant sample was identified at the Biodiversity
Unit, Institute of Bioscience, UPM, with reference number KM 0020/22.

4.2. Explant Surface Sterilization

The shoots of A. paniculata were chosen as explants in this experiment. The explant
was prewashed with two drops of detergent for 15 min under tap water. The surface
sterilization procedure was conducted under a laminar flow hood. The explants were
sterilized for 1, 5, and 10 min of exposure using different concentrations (40, 50, 60, and
70%) of commercial bleach containing 5.2% sodium hypochlorite with one to two drops of
Tween 20 as a wetting agent. After that, all the treatment solutions of T1 (40%, 1 min), T2
(40%, 10 min), T3 (40%, 5 min), T4 (50%, 1 min), T5 (50%, 10 min), T6 (50%, 5 min), T7 (60%,
1 min), T8 (60%, 10 min), T9 (60%, 5 min), T10 (70%, 1 min), T11 (70%, 10 min) and T12
(70%, 5 min) were discarded and the explants were rinsed at least three times with sterile
distilled water.

4.3. Axillary Shoot Multiplication

Murashige and Skoog [48] (MS) medium supplemented with different concentrations
of T1 (control), T2 (2.22 μM BAP + 0.49 μM IBA), T3 (2.22 μM BAP + 5.37 μM NAA),
T4 (8.88 μM BAP + 2.69 μM NAA), T5 (8.88 μM BAP) and T6 (17.76 μM BAP) was mixed
with 0.1 g/L of myo-inositol and 20 g/L of sucrose. A total of 3 g/L of Gelrite® as a gelling
agent was added and stirred until completely dissolved before the pH was adjusted to
pH 5.6–5.8. The solution was heated in the microwave before being placed in vials and
covered with aluminum foil. All of the labeled vials were placed in an autoclave and
sterilized at 121 ◦C and 1.05 kg/cm2 for 20 min.

4.4. Elicitation

Chitosan (C56H103N9O39) and salicylic acid (SA) (Sigma-Aldrich, St. Louis, MO, USA)
were used for elicitation. Different concentration levels (0, 1.0, 2.0, 3.0, 4.0, and 5.0 mg/L)
of both chitosan and SA were introduced to the MS supplemented with 17.76 μM BAP.

4.5. Growing Conditions

Vials (25 × 95 mm; Phytotech®, Lenexa, KS, USA) containing cultured explants were
incubated for four weeks at 25 ± 3 ◦C under a photoperiod of 16 h light and 8 h darkness
supplied by white fluorescent light (45 μmol/m2/s) in the incubation room.

4.6. Extraction of Andrographolide

Elicitated plantlets were harvested in the fourth week after inoculation. A total of 10 mg
dried plantlets were powdered and dissolved in 5 mL of 100% methanol (HPLC grade). The
sample was then extracted via sonication-assisted extraction (Fisherbrand® FB155055, Waltham,
MA, USA) (40 ◦C for 30 min) and quantified for andrographolide content. Each extract was
mixed using a vortex (ZX3 Advanced Vortex Mixer) for 3 min and filtered through 0.45 μm
nylon syringe membranes (Macherey Nagel, Hoerdt, France), and stored at −4 ◦C before
HPLC analysis.

4.7. Chromatographic Parameters

Quantitative analysis of andrographolide of A. paniculata was carried out as per the
protocol of Masaenah et al. [49] with minor modification using HPLC (Thermo Scien-
tificTM DionexTM UltiMate 3000 UHPLC, Waltham, MA, USA). Chromatographic sep-
aration was performed using XBridge® (Waters, Milford, MA, USA) C18 column (5 μm,
4.6 mm × 250 mm). The mobile phase consisted of a mixture of methanol and deionized
water (50:50) and a 1 mL/min flow rate. The injection volume was 10μL. The temperature
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of the column was controlled at 25 ◦C, and samples were detected using a PD-M20A pho-
todiode array detector. The andrographolide (Merck Chemical, Saint-Quentin Fallavier,
France) was identified by comparing the retention time of samples with reliable stan-
dard chromatographic peaks at 254 nm, and the andrographolide content was expressed
as μg/mL.

4.8. Analysis of Data

The experiment was conducted in a completely randomized design and analyzed
using one-way analysis of variance (ANOVA) through SAS software, version 9.4 (SAS
Institute, Cary, NC, USA). Means comparisons were separated by the least significant mean
(LS mean) and Tukey honestly significant difference (HSD) test at p < 0.05.

5. Conclusions

An in vitro culture of A. paniculata was successfully established using shoot-tip explants.
BAP at 17.76 μM proved optimal for axillary shoot multiplication and growth. Chitosan
at 5 mg/L further enhanced shoot multiplication and growth with 26.07 leaves, 8.33 shoots,
and 3.63 cm of shoot-length per explant. An increase in andrographolide production was
obtained in chitosan and SA-treated cultures. However, MS media supplemented with 5 mg/L
chitosan produced higher andrographolide with 2463.034 ± 0.398 μg/mL, compared to that
of the control with 256.73 ± 0.341 μg/mL.
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Abstract: Fungal elicitation could improve the secondary metabolite contents of in vitro cultures.
Herein, we report the effect of Fusarium oxysporum on vinblastine and vincristine alkaloid yields
in Catharanthus roseus embryos. The study revealed increased yields of vinblastine and vincristine
in Catharanthus tissues. Different concentrations, i.e., 0.05% (T1), 0.15% (T2), 0.25% (T3), and 0.35%
(T4), of an F. oxysporum extract were applied to a solid MS medium in addition to a control (T0).
Embryogenic calli were formed from the hypocotyl explants of germinating seedlings, and the tissues
were exposed to Fusarium extract elicitation. The administration of the F. oxysporum extract improved
the growth of the callus biomass, which later differentiated into embryos, and the maximum induction
of somatic embryos was noted T2 concentration (102.69/callus mass). A biochemical analysis revealed
extra accumulations of sugar, protein, and proline in the fungus-elicitated cultivating tissues. The
somatic embryos germinated into plantlets on full-strength MS medium supplemented with 2.24 μM
of BA. The germination rate of the embryos and the shoot and root lengths of the embryos were high
at low doses of the Fusarium treatment. The yields of vinblastine and vincristine were measured
in different treated tissues via high-pressure thin-layer chromatography (HPTLC). The yield of
vinblastine was high in mature (45-day old) embryos (1.229 μg g−1 dry weight), which were further
enriched (1.267 μg g−1 dry weight) via the F. oxysporum-elicitated treatment, especially at the T2
concentration. Compared to vinblastine, the vincristine content was low, with a maximum of
0.307 μg g−1 dry weight following the addition of the F. oxysporum treatment. The highest and
increased yields of vinblastine and vincristine, 7.88 and 15.50%, were noted in F. oxysporum-amended
tissues. The maturated and germinating somatic embryos had high levels of SOD activity, and
upon the addition of the fungal extracts, the enzyme’s activity was further elevated, indicating that
the tissues experienced cellular stress which yielded increased levels of vinblastine and vincristine
following the T2/T1 treatments. The improvement in the yields of these alkaloids could augment
cancer healthcare treatments, making them easy, accessible, and inexpensive.

Keywords: callus induction; elicitation; Madagascar periwinkle; somatic embryogenesis; vincristine;
vinblastine

1. Introduction

Catharanthus roseus, commonly known as Madagascar periwinkle, is a tropical, peren-
nial, medicinal plant belonging to the family Apocynaceae. It is a source of several impor-
tant indole alkaloids of medicinal importance such as vinblastine, vincristine, ajmalicine,
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vindoline, catharanthine, and serpentine [1]. Due to its immense pharmaceutical impor-
tance and low (0.0005%) contents of vinblastine and vincristine, C. roseus has been regarded
as an important model for secondary metabolism studies. In recent decades, an inclu-
sive, multidimensional research study has attempted to improve the alkaloid contents
in C. roseus [2,3]. Birat et al. [4] recently reported that the fungus Nigrospora zimmermanii,
which is present within the leaves of Catharanthus roseus, also produced vincristine success-
fully. The strategies frequently used for enriching the levels of alkaloids are the optimization
of media, plant growth regulators, and cultural practices; the culture of high-yielding cell
lines; the use of precursors; the incorporation of elicitors; and improving the expression of
the regulatory enzymes of metabolic pathways [5–7].

In recent years, researchers have attempted to influence the production of secondary
metabolites from diverse tissue sources through the use of different biotic and abiotic
elicitors [8]. The techniques used drastically reduced the processing times needed to
obtain active compounds [9,10]. Elicitors are a large target group of compounds which
have been added to media at various stages of cultural growth for improving secondary
compounds. Traditionally, an ‘elicitor’ is a molecule which is introduced into a medium
in small levels to improve the biosynthesis of compounds by triggering cellular defense
response genes [11,12]. The process also refers to compounds of various sources which
stimulate physiological and morphological responses in inducing compounds of a defensive
nature [13]. It is well established that the application of an elicitor or the invasion of a
pathogen produces an array of defensive secondary reactions in plant cells. Singh et al. [14]
categorized diverse types of elicitors diverse types: (a) biotic elicitors such as bacterial
and fungal cell walls or glycoproteins, (b) abiotic elicitors like UV irradiation, salt, and
various non-constitutive compounds, and (c) endogenous elicitors, which are signaling
compounds of plant-cell origins. A large number of biotic elicitors have been recognized
to be very efficient at enriching secondary metabolites and are exploited in a variety of
cultures [15]. Yeast extract was used as a biotic elicitor in cultures which induced the
synthesis of a variety of phytocompounds in several investigations into plant–microbe
interactions [16,17]. Endophytic fungi (used as fungal elicitors) isolated from C. roseus could
also be used to enrich indole alkaloid production in culture [18]. The culture filtrate of
Fusarium sporotrichioides Sherbakoff, isolated from Narcissus tazetta var. italicus rhizosphere
and grown on a potato dextrose broth, stimulated the production of alkaloids in cultivated
tissues [19]. A marked increase in vasicine content in Adhatoda vasica was observed via the
amendment of select elicitors like methyl jasmonate (MeJA), chitosan, yeast extract, ascorbic
acid, and sodium salicylate at optimized concentrations [20]. Arbuscular mycorrhizal fungi
(a group of beneficial microorganisms) were reported to play a major role in enhancing
alkaloid production in root organ cultures [21]. In Centella asiatica, the influence of various
elicitors, like the use of Trichoderma harzianum, Colletotrichum lindemuthianum, and Fusarium
oxysporum to improve the accumulation of secondary metabolites, was reviewed and
discussed [22,23].

In addition, a number of abiotic factors have been widely incorporated to augment
product synthesis in cultured tissues, such as elevated temperature, excess salinity, os-
motic stress, ultra-violet (UV) rays, and heavy metal stress [24]. In this specific plant,
C. roseus, a variety of abiotic compounds such as NaCl, cerium (CeO2 and CeCl3), yttrium
(Y2O3), and neodymium (NdCl3) were used successfully to enhance alkaloid yield [25].
CaCl2 was used as an elicitor for the enhancement of vinblastine in a C. roseus embryo-
genic cell suspension [26]. When used, these elicitors caused stresses and improved the
synthesis of secondary compounds in several investigated genera. Elicitor-induced cel-
lular stress is measured by monitoring antioxidant enzymes, which ameliorate stresses
in cultures [27,28]. Various enzymes such as superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), and glutathione reductase (GR) are assayed to ascertain the
level of stress in cultured tissues and were studied in different plant genera [29]. Although
the enhancement of alkaloids is noted to be treatment-specific, the use of elicitors could
be a valuable strategy for enriching phytocompounds. In this study, the fungus Fusarium
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oxysporum was used as biotic elicitor, and the yields of vinblastine and vincristine were
measured in cultures. This is perhaps one of the first fungal (biotic) elicitation studies on
alkaloid yield mediated via embryogenesis. The growth of the callus biomass and the
biochemical alterations/associations during the course of its growth and morphogenesis
were monitored.

2. Results

2.1. Callus Induction and Biomass Growth in a Medium Containing a Fusarium
oxysporum Extract

On MS medium supplemented with 4.52 μM of 2,4-D, the hypocotyls of seedlings
grown in vitro produced profuse calli. The calli were friable, light-yellow, and fast-growing;
they later turned into embryogenic calli (Figure 1a). These hypocotyl calli were subjected
to various levels of F. oxysporum elicitation and routinely subcultured at regular intervals.
Growth is an indicator of cell division with the rapid multiplication of the callus; therefore,
the growth the biomass of each callus was measured in response to the elicitor treatments.
We observed that with the F. oxysporum treatment, the growth of the embryogenic calli
was faster compared to the control. The biomass of each calli increased up to T2, and for
this treatment, maximum fresh, dry, and absolute dry mass % values were observed (1.55,
0.183 g, and 11.803%, respectively). Upon elicitation, the calli appeared friable and white,
especially those that received the T1 and T2 treatments. The calli that received higher
concentrations, i.e., T3 and T4, were less responsive; the calli turned light-brown, were
compact, and showed poor growth.

 

Figure 1. (a) Embryogenic callus grown in MS medium containing 4.52 μM of 2,4-D and the T2 fungal
elicitor (bar 2 mm); (b) embryo on a maturation medium containing 2.60 μM of GA3 and an elicitor
(bar 2 mm); (c) germinated embryos at early stage with a root (bar 0.5 cm).

2.2. F. oxysporum Treatments and the Number of Embryos

The embryogenic calli were cultured on MS medium supplemented with 5.37 μM of
NAA and 6.72 μM of BA, and different concentrations of the F. oxysporum extract were
added in order to monitor the influence of the fungus elicitor on the number of embryos
and their growth. The maximum fresh, dry, and absolute dry weight values were observed
for T2 (2.066, 0.237 g, and 11.442%, respectively) compared to the other treatments and
the control, T0. Under all the tested conditions, the embryogenic calli differentiated into
embryos, and for theT2 concentration of the F. oxysporum treatment, the maximum number
of embryos was formed (102.69/culture) (Table 1). The next important treatment was T1
(94.36/culture), which induced a good number of embryos; the embryo numbers declined
gradually at higher elicitor levels.
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Table 1. Number of somatic embryos for various Fusarium oxysporum treatments.

Treatment Number of Somatic Embryos/Culture

T0 82.53 ± 1.074 d
T1 94.36 ± 0.899 b
T2 102.69 ± 0.835 a
T3 84.78 ± 0.868 c
T4 85.14 ± 0.945 c

The different F. oxysporum levels used were a control (T0), 0.05% (T1), 0.15% (T2), 0.25% (T3), and 0.35% (T4). The
MS was added with the addition of 6.72 μM of BA and 5.37 μM of NAA. The data were scored after four weeks of
culture, and the values are the means ± standard errors of three replicates. Means with the same letters are not
significantly different at p ≤ 0.05, according to DMRT.

2.3. The Maturation and Germination of Somatic Embryos in a Medium Containing F. oxysporum

The cotyledonary embryos were cultured on MS medium supplemented with 2.60 μM
of GA3 for maturation; the medium was additionally supplemented with the fungal elicitors
(Figure 1b). For the concentrations T1 and T2, the embryos were elongated, coiled, and
turned green, and they later germinated into plantlets (Figure 1c). For the concentrations
T3 and T4, however, embryo development was poor; a few remained in an advanced
cotyledonary stage, while the others turned brown. The embryos that reached maturity
were thin and showed poor growth. The embryos germinated into plantlets on the MS
medium containing 2.24 μM of BA. The percent germination and the shoot and root lengths
of the germinated somatic embryos were higher under the F. oxysporum-elicitated conditions
compared to the control (Table 2).

Table 2. The germination of somatic embryos in Fusarium oxysporum-elicitated treatments.

Treatment Germination (%) Shoot Length (mm) Root Length (mm)

T0 38.56 ±1.87 c 3.36 ± 0.30 c 4.34 ± 0.29 b
T1 47.58 ±2.60 b 8.96 ± 0.39 b 4.90 ± 0.23 b
T2 56.63 ±1.88 a 11.16 ± 0.29 a 6.67 ± 0.30 a
T3 16.76 ±1.92 d 1.94 ± 0.22 d 2.12 ± 0.28 c
T4 12.7 ±1.91 e 1.24 ± 0.21 d 2.07 ± 0.31 c

The different F. oxysporum levels used were a control (T0), 0.05% (T1), 0.15% (T2), 0.25% (T3), and 0.35% (T4). The
MS was supplemented with 2.24 μM of BA. The data were scored after four weeks of culture, and the values
are the means ± standard errors of three replicates. Within each column, the means with the letters are not
significantly different at p ≤ 0.05, according to DMRT.

2.4. Vinblastine and Vincristine Yields

The yields of vinblastine and vincristine were quantified in different in vitro-cultivated
tissues. The mobile phase showed sharp standard vinblastine and vincristine peaks. A
regression analysis also showed a good linearity, with r = 0.999 and 0.993 for vinblastine and
vincristine, respectively. It is evident from Table 3 that the maximum yields of vinblastine
were achieved in the embryos’ maturation (0.788 μg g−1 dry weight; Figure 2a,c) and
germination stages (0.835 μg g−1 dry weight; Figure 2b,d) compared to the other two
stages, i.e., the induction and proliferation stages of the embryo tissues. With F. oxysporum
elicitation at T2, the vinblastine yield was further improved (0.886 μg g−1 dry weight), and
the T1 treatment was equally efficient in promoting its yield. Compared to vinblastine,
the yield of vincristine was low, and the maximum content was achieved in germinating
embryos compared to the other stages. Upon the addition of F. oxysporum, an improved
vincristine yield was noted in the cultured tissues (Table 4), with the maximum identified
for the T2 treatment (0.307 μg g−1 dry weight), followed by the T1 treatment (0.275 μg g−1

dry weight). The maximum increased yields of vinblastine and vincristine, 7.88 and 15.50%,
respectively, were noted for the F. oxysporum-elicitated treatment T2 over the control tissues.
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Table 3. Vinblastine contents (μg g−1 DW) for the different stages of the embryos in Fusarium
oxysporum-elicitated treatments.

Treatment Induction Proliferation Maturation Germination

T0 0.422 ± 0.010 c 0.401 ± 0.001 b 0.788 ± 0.005 c 0.835 ± 0.012 c
T1 0.429 ± 0.011 b 0.406 ± 0.0006 b 0.813 ± 0.0007 b 0.861 ± 0.009 b
T2 0.451 ± 0.007 a 0.417 ± 0.0009 a 0.839 ± 0.002 a 0.886 ± 0.011 a
T3 0.408 ± 0.013 d 0.395 ± 0.001 c 0.775 ± 0.004 d 0.827 ± 0.010 d
T4 0.415 ± 0.011 d 0.392 ± 0.003 c 0.771 ± 0.001 d 0.823 ± 0.018 d

The different F. oxysporum levels used were a control (T0), 0.05% (T1), 0.15% (T2), 0.25% (T3), and 0.35% (T4). The
MS was supplemented with 2.60 μM of gibberellic acid (GA3). The data were scored after 45 days of culture. The
values are the means ± standard errors of three replicates. Within each column, the means with the letters are not
significantly different at p ≤ 0.05, according to DMRT.

 

Figure 2. Vinblastine (a,b) and vincristine (c,d) peaks/levels at the maturation stage and germination
stage, respectively, in response to F. oxysporum elicitation treatment at 0.25%.
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Table 4. Vincristine contents (μg g−1 DW) in the different stages of the embryos in Fusarium oxysporum-
elicitated treatments.

Treatment Induction Proliferation Maturation Germination

T0 0.083 ± 0.014 c 0.185 ± 0.011 c 0.181 ± 0.002 b 0.254 ± 0.007 c
T1 0.088 ± 0.011 b 0.191 ± 0.008 b 0.184 ± 0.001 b 0.275 ± 0.011 b
T2 0.095 ± 0.010 a 0.199 ± 0.012 a 0.192 ± 0.0007 a 0.307 ± 0.016 a
T3 0.076 ± 0.011 d 0.182 ± 0.013 c 0.170 ± 0.002 c 0.242 ± 0.013 d
T4 0.074 ± 0.009 d 0.177 ± 0.011 d 0.168 ± 0.0006 c 0.239 ± 0.008 d

The different F. oxysporum levels used were the control (T0), 0.05% (T1), 0.15% (T2), 0.25% (T3), and 0.35% (T4).
The MS was supplemented with 2.24 μM of BA. The data were scored after 45 days of culture. The values are the
means ± standard errors of three replicates. Within each column, the means with the letters are not significantly
different at p ≤ 0.05, according to DMRT.

2.5. Fusarium Oxysporum Elicitation and Biochemical Attributes
2.5.1. Sugar, Proline, and Protein Contents

As the F. oxysporum elicitation, especially at low levels, improved alkaloid yields,
we attempted to monitor various non-enzymatic stress markers for different tissues. The
sugar content was noted to be high during the embryos’ maturation stage compared to
the germination stage. Upon the addition of increased levels of elicitors, the sugar level
increased further, reaching a maximum in T2 (21.663 mg g−1). The proline level was
also high in the maturation stage (8.255 mg g−1), but the proline accumulation declined
with the growth and maturation of the embryos (7.254 mg g−1) at T2. The total soluble
protein, on the other hand, was found to be more or less the same at these two advanced
stages, i.e., maturation and germination,; comparative details of the elicitation doses and
biochemical attributes are presented in Tables 5 and 6.

Table 5. Sugar, protein, and proline contents (mg g−1 FW) during the maturation stage of the embryos
in a Fusarium oxysporum-treated culture.

Treatment Sugar Protein Proline

T0 16.475 ± 0.009 d 4.517 ± 0.018 d 6.692 ± 0.010 d
T1 18.957 ± 0.011 b 5.084 ± 0.011 b 7.745 ± 0.011 b
T2 21.663 ± 0.010 a 5.378 ± 0.013 a 8.255 ± 0.009 a
T3 17.434 ± 0.009 c 4.657 ± 0.019 c 6.947 ± 0.010 c
T4 17.785 ± 0.006 c 4.695 ± 0.016 c 7.016 ± 0.008 c

The different F. oxysporum levels used were a control (T0), 0.05% (T1), 0.15% (T2), 0.25% (T3), and 0.35% (T4). The
MS medium was supplemented with 2.60 μM of gibberellic acid (GA3). The data were scored after 30 days of
culture. The values are the means ± standard errors of three replicates. Within each column, the means with the
letters are not significantly different at p ≤ 0.05, according to DMRT.

Table 6. Sugar, protein, and proline contents (mg g−1 FW) during the germination stage of the
embryos in a Fusarium oxysporum-treated culture.

Treatment Sugar Protein Proline

T0 12.355 ± 0.011 d 4.675 ± 0.019 d 5.847 ± 0.010 d
T1 13.282 ± 0.008 b 5.116 ± 0.017 b 6.696 ± 0.008 b
T2 14.967 ± 0.010 a 5.457 ± 0.011 a 7.254 ± 0.009 a
T3 12.674 ± 0.011 c 4.817 ± 0.014 c 6.065 ± 0.008 c
T4 12.742 ± 0.009 c 4.863 ± 0.018 c 6.146 ± 0.010 c

The different F. oxysporum levels used were a control (T0), 0.05% (T1), 0.15% (T2), 0.25% (T3), and 0.35% (T4).
The MS medium was supplemented with 2.24 μM of BA. The data were scored after 30 days of culture. The
values are the means ± standard errors of three replicates. Within each column, the means with the letters are not
significantly different at p ≤ 0.05, according to DMRT.

2.5.2. SOD, CAT, and APX Activities

The germinating and maturated somatic embryos showed enhanced levels of alkaloids,
especially on the F. oxysporum-treated culture. The addition of an elicitor might cause stress
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for tissues. To better understand the impact of the elicitor treatments on plant defense
and later on secondary metabolism, the antioxidant activities of various enzymes were
investigated as stress markers. The maturated and germinating somatic embryos had
higher levels of antioxidant enzyme activities than the early embryogenic tissues. The
antioxidant enzyme activities were higher upon the addition of the F. oxysporum treatments,
which indicated extra cellular stress on the cultivated tissues. It is evident from Figure 3
that at T2, the levels of SOD activity were high in the maturation (4.115 EU min−1 mg−1

proteins) and germination (3.693 EU min−1 mg−1 proteins) stages of the embryos compared
to the control (3.785 and 3.415 EU min−1 mg−1 proteins respectively), which yielded the
highest levels of vinblastine and vincristine. Compared to SOD, the activities of CAT and
APX were, however, low, i.e., 2.355 and 1.075 min−1 mg−1 protein, respectively, in the
embryos’ maturation stage. The germinating somatic embryos also had similarly low levels
of CAT and APX enzyme activity (Figure 4).

Figure 3. SOD, CAT, and APX activities (EU mg−1 protein min−1) in the maturation stage of the
embryos for different Fusarium oxysporum treatments. The different F. oxysporum levels used were a
control (T0), 0.05% (T1), 0.15% (T2), 0.25% (T3), and 0.35% (T4). The data were scored after 30 days
of culture. The values are the means ± standard errors of three replicates. Within each column, the
means with the letters are not significantly different at p ≤ 0.05, according to DMRT.

 

Figure 4. SOD, CAT and APX activities (EU mg−1 protein min−1) of the germination stage of the
embryos for different Fusarium oxysporum treatments. The different Fusarium oxysporum levels used
were a control (T0), 0.05% (T1), 0.15% (T2), 0.25% (T3), and 0.35% (T4). The data were scored after
30 days of culture. The values are the means ± standard errors of three replicates. Within each
column, the means with the letters are not significantly different at p ≤ 0.05, according to DMRT.
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3. Discussion

In the present study, the yields of vinblastine and vincristine were quantified following
F. oxysporum elicitation in embryogenic cultures of C. roseus. The callus was induced from
hypocotyls on MS medium supplemented with 2,4-D in which-high frequency somatic
embryos were formed; other auxins used induced embryos at a slower rate. Here, embryo
differentiation was noted on the embryogenic callus, i.e., indirectly, but in other observed
cases, embryos were also formed directly on explants without an intervening callus [30].
In both embryo-forming developmental pathways, the use of exogenous auxins/auxin
analogues like 2,4-D efficiently promoted embryogenesis. These synthetic auxin analogs
play a central signaling role in the acquisition of embryogenic competence from a somatic
state [31,32]. In our study, an F. oxysporum extract was used at varying concentrations, of
which T2 (0.15%) was observed to be more efficient at promoting callus biomass growth
compared to T1, T3, and T4. We also observed that the callus biomass and the num-
ber of embryos increased significantly in T2 with F. oxysporum elicitation. The induced
embryos were distinct and showed fast growth and development under the elicitated
condition. The results of the present study indicate that the high concentrations (T3 and
T4) of elicitation decreased the growth of the callus biomass by inhibiting cell division,
and this reduction may have been due to the toxicity of the fungal extract or the excessive
availability of stress ions [33]. In the present study, the addition of a low level of the F. oxys-
porum extract improved the number of somatic embryos in the culture. Similar responses,
i.e., stress-induced embryogenesis, were described earlier in a number of previous observa-
tions [34,35]. Once an embryo is induced, the presence of 2,4-D in the medium inhibits the
embryo’s development; therefore, other PGR combinations were tested and suggested to
be necessary [35]. The involvement of cytokinins alone or with low doses of a weak auxin
like NAA successfully influenced in vitro embryogenesis and plant morphogenesis [36,37].

The cultivation of plant cells and tissues or complex, organized structures is practiced
in vitro as an efficient renewable source for the production of a variety of phytochemicals,
and the importance of these methods were reviewed in recent years [38,39]. Calli and
suspensions are cultivated more frequently because of their ease of cultivation and the
possibility of scaling up their production in bioreactors. Aside from bioreactors, a number
of other important strategies such as liquid culture, the use of mist, and liquid overlay-
ing are used to improve biomass/embryogenesis to generate raw materials for alkaloid
synthesis [40]. Liquid overlaying is a technique in which a thin film of a liquid nutrient is
added on a solid medium to improve somatic embryogenesis in cultures [41]. The yields of
active compounds are often high in complex, differentiated structures like shoots, roots,
and leaves [14,42]. The method of extracting metabolites synthesized and accumulated in
specialized cells or tissues is difficult, but genetically constructed biosensors can detect
the precise locations of specialized metabolites at the tissue or cell level [43]. Different
techniques have recently been adopted for the collection of alkaloids from specialized
tissues. In the present study, we noted that compact embryo structures like maturated and
germinating embryos synthesized higher yields of vinblastine and vincristine compared
to embryos in early stages. Upon receiving F. oxysporum elicitation treatment, a 7.88%
increased yield of vinblastine and a 15.50% increased yield of vincristine were noted. The
same low level (T1/T2) of elicitation was noted earlier to be very efficient for improving
the callus biomass. This rapid growth of the embryogenic callus may have been due to fast
cell mitosis triggered by cell-cycle genes which were strongly upregulated in the dividing
cells [44,45]. The influence of F. oxysporum on biochemical attributes was investigated as
the addition of the elicitor improved the alkaloid yield. In the present study, extra sugar,
protein, and proline accumulations were noted; however, these declined with increased
levels of elicitation. Similar increases in protein, phenolics, hydrogen peroxide, and carbo-
hydrates in response to stress were noted in several investigated plant genera, and these
enhancements are considered good adaptation mechanisms in tolerant genotypes [46,47].
The protein level also increases gradually with the progress of tissues, and a change in
protein with a progressing developmental stage was reported earlier in other investigated
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plant materials [42,48]. In tomato, enriched proline and lysine and glutamine accumulation
were noted at an early stage of embryonic development, and this probably confers tolerance
to drought [49]. Here, in the F. oxysporum-elicitated tissues, the increased accumulation of
proline may have been due to the up-regulation of a proline synthesis gene which produced
P5C reductase (PYCR) and proline dehydrogenase/oxidase (PRODH/POX) enzymes par-
ticipating in the interconversion of intermediates in proline biosynthesis pathways [50,51].
Transcriptome data reveal that rice universally downregulates photosynthesis in response
to abiotic and biotic stresses. At the same time, it also upregulates the hormone-responsive
genes of the abscisic acid, jasmonic acid and salicylic acid pathways during stress [52].
In transgenic tobacco, the overexpression of AhCytb6 regulates the expression of various
genes to enhance plant growth under a N2 deficit and abiotic stress conditions by modulat-
ing the plant’s physiology [53]. Enzymes like Cipk6, a Calcineurin B-like interacting protein
kinase (CIPK) of tomato, regulates programmed cell death in immunity, transforming Ca2+

signaling in the formation of reactive oxygen species [54,55].
As the yields of alkaloids were high in the advanced-staged embryos, we tried to

investigate the level of stress by measuring the activities of antioxidant enzymes in these
cultivated tissues. The level of SOD activity was high in both of these two tissues, and upon
the addition of the elicitor, the activity was further elevated. Increased SOD activity under
various stresses was observed in several investigated plant genera [56,57]. CAT and APX
also showed similar trends with added levels of elicitors, although tissue- and dose-specific
variations were not uncommon [58,59]. In addition to the increases in the activities of stress
marker enzymes and the alteration of physiological reserves, a molecular analysis indicated
that the expression of the Salt Overly Sensitive 1 (SOS1) gene is an important event in
response to adaptive stress caused by biotic and abiotic factors [60]. It is very evident from
the present study that the F. oxysporum elicitor promoted cultural growth in C. roseus and
later stimulated enriched levels of alkaloids; however, the underlying mechanism is still
not fully understood. It was reported earlier that the fungus extract in general contained
compounds like sugars and proteins [61]. A chemical analysis showed that the hyphal
walls of F. oxysporum are primarily composed of N-acetyl-glucosamine, glucose, mannose,
galactose, uronic acid, and proteins or peptides [62,63]. The roles of various sugars, sugar
alcohols, and related energy sources in improving synthesis were indicated earlier in several
studies [64,65]. But the roles of protein or truncated proteins like small, moderate, or large
peptides in triggering the synthesis of alkaloids have not been determined in a major
way. Although the best mechanism of improving synthesis is not fully known, the process
may be due to the formation of an ‘elicitor-receptor complex’ [66,67] which stimulates a
cascade of defense genes in promoting alkaloid synthesis [68,69]. Thus, experimentations
on elicitation through the use of various agents are immensely valuable as the technique
promises to promote alkaloid biosynthesis in cultivated tissues.

4. Materials and Methods

The fruits/seeds of Catharanthus roseus (L.) G. Don were procured from the herbal
garden of Jamia Hamdard (Hamdard University). The material was identified earlier, and
a voucher specimen (JH-002-98) was maintained.

4.1. In Vitro Seed Germination and Culture Conditions

Seed germination and the process of establishing a culture of C. roseus L. (G). Don
were carried out using the protocol established in our laboratory by [64]. In a nutshell,
from twenty to twenty-five surface-disinfected seeds were placed in a 250 mL conical flask
(Borosil, Mumbai, India) containing 50 mL of solid MS medium without any plant growth
regulator (PGR). The germinated seedlings were maintained until the shoots attained a
height of 2–4 cm. Various parts (the nodal stem, leaf, and hypocotyl) were used and
inoculated in test tubes (Borosil, India) as explants. For the induction of an embryogenic
callus, the MS medium was supplemented with 4.52 lM of 2,4-Dichlorophenoxyacetic acid
(2,4-D). For the fast proliferation of embryos, the medium was fortified with 6.72 μM of
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N6-Benzyladenine (BA) and 5.37 μM of naphthalene acetic acid (NAA). All the above PGRs
were procured from Sigma-Aldrich, St. Louis, MO, USA. The medium was solidified with
8 g L−1 of agar (Hi-media, Mumbai, India), and each tube contained 20 mL of medium. The
pH of the medium was adjusted to 5.7 before it was autoclaved at 121 ◦C. All the cultures
were incubated at 25 ± 2 ◦C under a 16 h photoperiod provided by cool-white fluorescent
tubes at a photosynthetic photon flux density (PPFD) of 100 μmol m−2 s−1.

4.2. The Procurement and Culture of Fungi and the Preparation of the Elicitor

Fusarium oxysporum (Figure 5) was obtained from the Department of Pathology, Indian
Agricultural Research Institute (IARI), Pusa, New Delhi, India. The fungus was grown
in 100 mL conical flasks containing potato dextrose agar (Hi-media, India). After 7 d, the
conical flasks containing fungal growth were sterilized and filtrated using Whatman no. 1
filter paper. The mycelium was washed several times with sterilized, distilled water and
stored at 4 ◦C after being suspended in 100 mL water; this was designated as the culture
media filtrate. The fungal mat was washed several times with sterilized, distilled water, and
an aqueous extract was prepared [70] via homogenization with a mortar and pestle. This
extract was filtered through centrifugation at 5000 rpm, and the supernatant was taken. It
was later sterilized (designated as the mat extract) and kept at 4 ◦C for future investigations.
Four different fungal elicitor treatments, i.e., 0.05% (T1), 0.15% (T2), 0.25% (T3), and 0.35%
(T4), were prepared and added to the culture medium. A control (T0), i.e., a culture medium
without the fungal filtrate, was also used for comparative evaluations of the elicitor’s
influence. Morphogenetic and biochemical studies were conducted at periodic intervals.

Figure 5. Fusarium oxysporum culture grown on potato dextrose medium (bar 0.5 cm).

4.3. Callus Induction under Fungus-Treated and Non-Treated Conditions

Hypocotyls of 5–6 d old seedlings were placed on MS and supplemented with an
optimized 2,4-D concentration (4.52 μM). Four different treatments containing the Fusarium
oxysporum fungal elicitor were added in order to assess the effect of the elicitors on callus
induction and growth. A control, i.e., a medium without fungal filtrate, was also used
for comparison. For a growth index analysis, callus biomass samples, i.e., the fresh and
dry weights of calli at various growth stages, were taken and investigated. For the deter-
mination of the fresh weight, the calli (with or without elicitor treatment) were weighed
immediately after isolation at regular intervals (15, 30, and 45 d). To determine the dry
weight, the calli were dried at 60 ◦C for 18 h and measured, and the absolute dry mass was
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finally calculated using the method and formula of Winkelmann et al. (2004): Absolute dry
mass (%) = Dry weight/fresh weight × 100.

4.4. The Proliferation, Maturation, and Germination of Embryos under the Influence of
Biotic Elicitors

The embryogenic callus (40–50 mg) was cultured on MS supplemented with optimized
concentrations of BAP (6.62 μM) and NAA (5.36 μM) for embryo proliferation. The medium
was additionally amended with the above-mentioned fungus for the treatments indicated
earlier treatments. The somatic embryos were induced in masses and were counted; this
stage was called the proliferation stage. Vincristine and vinblastine alkaloids were extracted
from the proliferation-stage embryos, and some of the proliferated embryos were cultured
in medium for embryo maturation. The somatic embryos on MS supplemented with
2.89 μM of GA3 became larger and turned green, which is a good morphological indicator
of matured embryos. The green, matured embryos were later placed on the same MS,
supplemented with 2.22 μM of BAP for germination. The above two stages (maturation
and germination) of the embryo development media were additionally supplemented
with the Fusarium oxysporum extract for the above-indicated treatments. The somatic
embryos started to germinate within a week or so, and the germination percentage and
shoot and root lengths were measured and compared to assess the impact of the elicitor on
the embryos. Matured and germinating embryos were harvested and oven-dried for the
extraction of vincristine and vinblastine.

4.5. Vinblastine and Vincristine Quantification through HPTLC

Vinblastine and vincristine were extracted following methods described earlier meth-
ods [71,72] and their contents were measured in different in vitro-grown tissues and com-
pared with standard vinblastine and vincristine obtained from Sigma-Aldrich (St. Luis,
MO, USA). The selected tissues/embryos were collected from optimized media with their
best growth. A total of 1 gm (dry weight) of tissues/embryos was refluxed in 30 mL of
methanol for 5 h; later the supernatant was warmed at 60 ◦C, and the volume was finally
reduced to 1–2 mL. Then, 1 mg of vinblastine and vincristine each was dissolved in 1.0 mL
of methanol to make a stock solution concentration of 1.0 mg mL−1. Various concentrations
were prepared from the stock solutions to obtain 200, 400, 600, 800, and 1000 μg per band
of the standard and were assessed separately via HPTLC. A standard curve was plotted
between the peak area (y-axis) and concentration (x-axis), which showed good linearity. For
the stationary phase, thin-layer chromatography (TLC) aluminum sheets which measured
20 × 10 cm and were coated with silica gel (60 F 254, Merck, Bengaluru, India) were used.
The freshly prepared mobile solution (phase) contained toluene, carbinol, acetone, and
ammonia in a ratio of 40:20:80:2. The samples were applied using a 100 μL micro-syringe
via a Linomat 3 (CAMAG) applicator. The silica plates were air-dried for 10–15 min and
kept in a chamber (Twin Through Chamber CAMAG, 20 × 10 cm) filled with mobile
solution. The solvent system was allowed to move up to about 85 mm. The plates were
later removed from the chamber and air-dried again for about 10–20 min. The silica gel
plates were documented using a CAMAG Reprostar under UV light without any chemical
spray applied. The vinblastine- and vincristine-containing stationary phase was scanned
via a CAMAG Scanner 3. The vinblastine and vincristine were scanned at 280 and 300 nm,
respectively. The peaks of vinblastine and vincristine were fixed, and the identification
of the alkaloids in the tissue samples was achieved by comparing the peaks of standard
alkaloids. Finally, the alkaloid yields were measured in μg gm−1 of dry weight.

4.6. Estimation of Total Sugar, Proline, and Protein Contents

The estimation of the total sugar content was carried out according to the Dey
method [73]. Tissues at different stages (0.5 g) were extracted twice with 90% ethanol
(AR, New Delhi, India), and the extracts were pooled. The final volume of the pooled
extract was increased to 25 mL via the addition of double-distilled water. To an aliquot

167



Plants 2023, 12, 3373

of 1.0, 1.0 mL of 5.0% phenol and 5.0 mL of concentrated analytical-grade sulfuric acid
were added and cooled in air. The optical density was measured at 485 nm. A solution
containing 1.5 mL of 55% glycerol (AR, India), 0.5 mL of ninhydrin (AR, India), and 4.0 mL
of double-distilled water was used as a calibration standard. For the measurement of
proline, 0.2 g of specific stages of tissues were homogenized in 5.0 mL of 3% aqueous
sulfosalicylic acid and filtered through Whatman filter paper (No. 1). To 1.0 mL of the
extract, 1.0 mL of acid ninhydrin and 1.0 mL of glacial acetic acid (AR, India) were added,
and the reaction mixture was incubated at 100 ◦C for 1 h. The reaction mixture was placed
on ice and extracted using 2.0 mL of toluene. The proline content in the extract was subject
to the spectrophotometric assay of Bates et al. [74]. The protein content was estimated via
the Bradford method [75]; 0.5 g of tissue was ground in a pre-cooler mortar and pestle with
1.5 mL (0.1 M) of phosphate buffer (pH 7.0), placed on ice, and centrifuged at 5000 rpm
for 10 min. With 0.5 mL of trichloroacetic acid (TCA), the sample was again centrifuged
at 5000 rpm for 10 min. The supernatant was discarded, and the pellet was washed with
chilled acetone and dissolved in 1.0 mL of 0.1 N sodium hydroxide (NaOH). Later, a 0.5 mL
aliquot was added to 5.0 mL of Bradford reagent, and the optical density was measured at
595 nm.

4.7. Assay of Antioxidant Enzyme Activity

The catalase (CAT) activity was measured following the Aebi method [76]. It was
measured by observing the decay in H2O2, and a decrease was measured at an absorbance
of 240 nm in a reaction mixture containing 1.0 mL of a 0.5 M phosphate buffer (Na-
phosphates, pH 7.5, AR, India), 0.1 mL of EDTA (AR, India), 0.2 mL of enzyme extract,
and 0.1 mL of H2O2. The chemical reaction was continued for 3 min. The enzyme activity
was represented as EU mg−1 protein min−1. A single unit of enzyme represents the
amount used to decompose 1.0 μmol of H2O2/min. The enzyme activity was registered
using the coefficient of absorbance at 0.036 mM−1 cm−1. The superoxide dismutase (SOD)
activity was measured following the method of Dhindsa et al. [77]. Different stages of
tissues/embryos (0.1 g) were homogenized in 2.0 mL of extraction solution (0.5 M of sodium
phosphate buffer, pH 7.3, + 3.0 mM of EDTA + 1.0% (w/v) polyvinylpyrollidone (PVP, AR,
India) + 1.0% (v/v) + Triton X100, AR, India), and the mixture was centrifuged (10,000 rpm)
at 4 ◦C. The enzyme activity was measured by the ability to inhibit photochemical reduction.
The assay mixture contained 1.5 mL of reaction buffer, 0.2 mL of methionine, 0.1 mL of
enzyme extract, an equal amount of 1.0 M NaCO3 and 2.25 mM Nitro Blue Tetrazolium
(NBT) solution, 3.0 mM of EDTA, riboflavin, and 1.0 mL of Millipore H2O. The whole
mixture was kept in test tubes and incubated at 25 ◦C for 10 min under light. A 50% loss in
color was considered 1.0 unit, and the enzyme content was expressed as EU mg−1 protein
min−1. For ascorbate peroxidase (APX), the Nakano and Asada [78] method was used. The
assay mixture contained 1.0 mL of 0.1 M sodium buffer, pH 7.2, + 0.1 mL pf EDTA + 0.1 mL
of enzyme extract. The ascorbate was added to the solution and the reaction mixture was
run for 3 min at 25 ◦C. The APX activity was measured by observing the reduction of
absorbance by ascorbate mediated breakdown of APX. Enzyme activity was measured by
using co-efficient of absorbance 2.81 mM−1 cm−1. Similar to other enzymes, the activity
was expressed in EU mg−1 protein min−1 i.e., one unit of enzyme determines the amount
necessary in decomposing 1.0 μm of ascorbate/min.

4.8. Statistical Analysis

The data on the effect of Fusarium oxysporum elicitor on callus growth and embryogene-
sis and differences in biochemical attributes, antioxidant enzyme activity, the alkaloid yield,
and other parameters were analyzed via a one-way analysis of variance (ANOVA). The
data or the values are the means of three replicates from two experiments and the presented
mean values were separated using Duncan’s multiple range test (DMRT) at p ≤ 0.05.
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5. Conclusions

Low doses of an F. oxysporum extract proved effective for improving callus biomass
growth, embryogenesis, plant regeneration, and alkaloid yield in C. roseus. The percent
germination and shoot and root lengths of somatic embryos were high at a low level
(from 0.05% to 0.15%). Maturated and germinating somatic embryos had high levels of
vinblastine and vincristine, which were further improved (to 7.8 and 15.5%) via elicitation.
The addition of the elicitor caused cellular stress, which was evidenced by the biochemical
attributes and high levels of antioxidant enzyme activities. We therefore recommend
low doses of the fungal extract for enhancing the synthesis of alkaloids in C. roseus. The
improvement in the yields of alkaloids could augment cancer healthcare in an easy and
inexpensive manner.
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Abstract: Polyscias fruticosa (L.) Harms, or Ming aralia, is a medicinal plant of the Araliaceae family,
which is highly valued for its antitoxic, anti-inflammatory, analgesic, antibacterial, anti-asthmatic,
adaptogenic, and other properties. The plant can be potentially used to treat diabetes and its com-
plications, ischemic brain damage, and Parkinson’s disease. Triterpene glycosides of the oleanane
type, such as 3-O-[β-D-glucopyranosyl-(1→4)-β-D-glucuronopyranosyl] oleanolic acid 28-O-β-D-
glucopyranosyl ester (PFS), ladyginoside A, and polysciosides A-H, are mainly responsible for
biological activities of this species. In this study, cultivation of the cell suspension of P. fruticosa in 20 L
bubble-type bioreactors was attempted as a sustainable method for cell biomass production of this
valuable species and an alternative to overexploitation of wild plant resources. Cell suspension culti-
vated in bioreactors under a semi-continuous regime demonstrated satisfactory growth with a specific
growth rate of 0.11 day−1, productivity of 0.32 g (L · day)−1, and an economic coefficient of 0.16 but
slightly lower maximum biomass accumulation (~6.8 g L−1) compared to flask culture (~8.2 g L−1).
Triterpene glycosides PFS (0.91 mg gDW−1) and ladyginoside A (0.77 mg gDW−1) were detected in
bioreactor-produced cell biomass in higher concentrations compared to cells grown in flasks (0.50 and
0.22 mg gDW−1, respectively). In antibacterial tests, the minimum inhibitory concentrations (MICs) of
cell biomass extracts against the most common pathogens Staphylococcus aureus, methicillin-resistant
strain MRSA, Pseudomonas aeruginosa, and Escherichia coli varied within 250–2000 μg mL−1 which was
higher compared to extracts of greenhouse plant leaves (MIC = 4000 μg mL−1). Cell biomass extracts
also exhibited antioxidant activity, as confirmed by DPPH and TEAC assays. Our results suggest
that bioreactor cultivation of P. fruticosa suspension cell culture may be a perspective method for the
sustainable biomass production of this species.

Keywords: Ming aralia; PFS; ladyginoside A; antimicrobial activity; antioxidant activity; cell aggregation;
cell farming; plant cell biotechnology

1. Introduction

Polyscias fruticosa (L.) Harms (Syns = Panax fruticosa = Nothopanax fruticosum = Parsley
panax = Ming aralia) belonging to family Araliaceae, is a medicinal plant widespread in the
Polynesian islands of the Pacific region and Southeast Asia (India, Malaysia, Indonesia, [1].
The name Polyscias is composed of two Greek words: ‘poly’ meaning many, and ‘skia’
meaning shade, indicating the dense foliage typical for this genus [1]. The plant grows
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relatively slowly with stem reaching one or two meters tall; the roots resemble parsley in
smell and taste [2]. P. fruticosa is sensitive to stresses, particularly temperature stress, and
has an optimal temperature range of 19–29 ◦C [3].

Roots and leaves of P. fruticosa contain triterpene glycosides, alkaloids, vitamins,
amino acids, cyanogenic glycosides, polyacetylenes, sterols, tannins, essential oils, essential
micro- and macroelements, and sugars [1,4–6]. Triterpene glycosides are represented
mainly by the oleanane-type compounds, such as 3-O-[β-D-glucopyranosyl-(1→4)-β-D-
glucuronopyranosyl] oleanolic acid 28-O-β-D-glucopyranosyl ester (PFS), ladyginoside
A (LadA), and polysciosides A-H [1,7,8]. According to Do et al. [9], in 2019, methyl-
glucuronate glycosides polyscioside J and polyscioside K and chikusetsusaponin IVa were
isolated and identified in the leaves of P. fruticosa for the first time.

P. fruticosa is actively used in traditional medicine due to a wide range of pharma-
cological effects and safety: according to Koffuor et al. [10], the No-Observable-Adverse
Effect-level (NOAEL) of the ethanolic leaf extract is below 1000 mg kg−1. Over the past
20 years, studies have demonstrated antitoxic, anti-inflammatory, analgesic, and mollusci-
cidal properties of P. fruticosa extracts [10–13] and their antibacterial activity against Gram-
positive and Gram-negative bacteria [13,14]. The high potential of using P. fruticosa for
treating diabetes and its complications has been reported in the in vivo models [11,15–17].
P. fruticosa leaf extract also exhibited anti-asthmatic and antihistamine activities increasing
protection against histamine-induced bronchospasm and reducing recovery time [10,18].
Roots are used to treat neuralgia and rheumatic pain, to improve brain function, and as di-
uretic and anti-dysentery agent [19]. In old male rats, root extract stimulated sexual activity
and increased fertility, and significantly increased memory function and lifespan [20–22].
P. fruticosa leaf and root extracts stimulated the immune system to produce antibodies or
interferons, thus enhancing the body’s defense against diseases, and exhibited adaptogenic
activity due to modulation of the body’s endocrine system to counteract stress [1,14]. Sev-
eral studies reported the neuroprotective effect and therapeutic potential of P. fruticosa
against ischemic brain damage and Parkinson’s disease [23,24].

In addition to medicinal purposes, P. fruticosa is widely used as a spice and as a fresh
vegetation for salads, as well as in tonic drinks and tea [25,26]. Several studies investigated
changes in the phytochemical characteristics of P. fruticosa during drying and storage to
select optimal conditions for its processing and preservation [25,27,28].

Despite the high potential value of P. fruticosa for functional foods and pharmacology,
information on in vitro cultivation of this species is scarce. Several protocols have been
published on in vitro micropropagation using shoot tips, and stem and leaf explants [2,3,29].
Vinh et al. [30] worked on the optimization of culture medium to enhance the growth and
biosynthetic characteristics of P. fruticosa callus. Kim et al. [31] investigated the effects of
carbon sources and plant growth regulators on growth and oleanolic acid accumulation in
P. fruticosa cell suspension cultures. Phuong et al. [32] examined the effects of two auxins,
2,4-dichlorophenoxyacetic acid (2,4-D) and α-naphthaleneacetic acid (NAA), on biomass
accumulation, rhizogenesis, and somatic embryogenesis of P. fruticosa suspension-cultured
cells. Hau et al. [33] observed the accumulation of oleanolic acid (40.1 μg g−1) and saponins
(396.2 μg g−1) in proliferated P. fruticosa hairy roots. Adventitious root induction was also
reported for this species [34].

Production of suspension cell biomass in bioreactors could potentially provide a
sustainable, renewable source of plant material compared to quantitatively limited and
chemically variable wild plants [35–39]. However, to our knowledge, there are no publica-
tions on the cultivation of P. fruticosa cells in bioreactors.

In the previous studies, we reported the development of callus and suspension cell
cultures of P. fruticosa in flasks followed by biochemical analysis of their triterpene glyco-
sides (TG) content [40–44]. The present study aimed to establish a suspension cell culture of
P. fruticosa in 20 L laboratory bubble-type bioreactors to explore the feasibility of upscaling
the cell biomass production and its potential use as a novel food supplement and a source
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of TG. The content of two main TG in P. fruticosa cell biomass, as well as the antioxidant
and antimicrobial activities of the cell biomass extracts, were evaluated for quality control.

2. Results

2.1. Suspension Cell Culture Growth in Flasks

The suspension cell culture of Polyscias fruticosa has been maintained as a flask culture
since 2005, and its growth characteristics were monitored periodically [40–44]. The growth
dynamics of the cell culture in 250 mL flasks was recorded before [43] and in parallel with
bioreactor cultivation. The representative growth curves in normal and semi-logarithmic
coordinates are shown in Figure 1a,b, respectively. Particularly for this part of the research,
the cultivation was extended to over 30 days to record the complete growth cycle, including
the degradation phase.

(a)

(b)

Figure 1. Representative growth curves of the suspension cell culture of Polyscias fruticosa during
cultivation in 250 mL flasks: (a) fresh and dry weights and cell viability plotted in normal coordinates;
(b) fresh and dry weights plotted in semi-logarithmic coordinates.

At the initial inoculum density near 1.1 g L−1, the lag phase (~2 days) and acceleration
phase (~4 days) were observed. The duration of the exponential growth phase was 7–9 days
followed by the 7-day stationary phase, and then the degradation phase. Cell viability
during the cultivation cycle varied within the 75–95% range, followed by a sharp dropdown
after 31 days during the degradation phase.
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The main growth parameters for the suspension cell culture in flasks are presented in
Table 1. The culture grew well, with average maximum biomass accumulation of 8.2 g L−1,
specific growth rate of 0.21 day−1, and productivity of 0.45 g (L · day)−1 calculated based
on dry weight (DW).

Table 1. Growth parameters of the suspension cell culture of Polyscias fruticosa during cultivation in
250 mL flasks and 20 L bioreactors (calculated based on dry weight).

Parameter

Cultivation System

250 mL Flasks
20 L Bioreactors *

MC 1 MC 2 MC 3 Average of MC 1–3

X0, g L−1 1.10 ± 0.45 2.40 ± 0.37 1.97 ± 0.10 1.83 ± 0.27 2.07 ± 0.30
Δtmax, days 22.5 ± 3.5 a 15.0 ± 2.5 b 16.5 ± 4.0 ab 18.5 ± 4.5 ab 16.7 ± 2.0
Xmax, g L−1 8.19 ± 0.81 a 7.31 ± 1.43 a 6.31 ± 0.34 a 6.76 ± 0.81 a 6.79 ± 0.50

μ, day−1 0.21 ± 0.03 a 0.10 ± 0.02 b 0.13 ± 0.03 b 0.11 ± 0.02 b 0.11 ± 0.03
τ, day 3.3 ± 0.4 b 6.9 ± 1.2 a 5.3 ± 1.6 ab 6.3 ± 1.3 a 6.3 ± 1.4

Y 0.27 ± 0.05 a 0.16 ± 0.05 b 0.14 ± 0.01 b 0.16 ± 0.03 b 0.16 ± 0.01
Pmax, g (L · day)−1 0.45 ± 0.12 a 0.33 ± 0.06 ab 0.30 ± 0.05 b 0.35 ± 0.15 ab 0.32 ± 0.13

MC—multi-cycle (continuous cultivation in bioreactors under semi-continuous mode consisting of three (MC 1 and
2) or 11 (MC 3) subcultivation cycles), X0—inoculum density, Δtmax—time from the beginning of the subculture
cycle to achieving maximum biomass accumulation, Xmax—maximum dry cell weight, μ—the maximum value of
the specific growth rate calculated for the analyzed growing cycle, τ—doubling time, Y—economic coefficient,
Pmax—productivity. * For each MC, parameters were calculated as an average of all subcultivation cycles within
the respective MC. Mean values in rows followed by the same letter are not significantly different at p < 0.05,
according to Duncan’s multiple range test.

The cytological analysis revealed that cells in the suspension were, on average, rela-
tively small (20–35 μm in diameter) and round-shaped. Typical microphotographs of cells
in the exponential growth phase (day 10) are presented in Figure 2. Cell aggregates were
predominantly round with uneven edges. The aggregation level (percentage of aggregates
consisting of a certain number of cells) estimated at the early exponential phase (day 10) and
beginning of the stationary phase (day 20) is shown in Table 2. The culture was relatively
small-aggregated: about 70% of the aggregates in the suspension consisted of less than
50 cells, and the aggregates were less than 1 mm in diameter. The number of viable single
cells and small aggregates (up to 5 cells) was insignificant (Table 2).

  

Figure 2. Representative photographs of cells and cell aggregates of Polyscias fruticosa suspension cell
culture grown in flasks at different magnifications.
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Table 2. Aggregation level of Polyscias fruticosa suspension cell culture during cultivation in 250 mL
flasks and 20 L bioreactor estimated at the early exponential phase (day 10) and the beginning of
the stationary phase (day 20, only for flasks). Aggregation level is presented as the percentage of
aggregates consisting of a certain number of cells out of the total number of cell aggregates counted.

Day of the
Growth Cycle

Number of Cells in the Aggregate

1–5 6–10 11–20 21–30 31–50 >50

% of Aggregates Consisted of a Given Number of Cells

250 mL flasks

Day 10 4.3 ± 2.1 a 12.0 ± 2.0 a 17.0 ± 1.0 a 15.0 ± 6.2 a 24.3 ± 3.2 a 27.6 ± 5.5 b

Day 20 2.3 ± 0.6 a 5.7 ± 1.5 b 13.0 ± 1.7 ab 17.7 ± 8.4 a 29.0 ± 4.3 a 33.0 ± 6.9 ab

20 L bioreactors

Day 10 4.0 ± 1.7 a 7.7 ± 1.5 b 10.0 ± 3.6 b 15.4 ± 7.4 a 25.3 ± 7.6 a 39.3 ± 2.9 a

Mean values in columns followed by the same letter are not significantly different at p < 0.05, according to
Duncan’s multiple range test.

Based on growth and the cytological data, the suspension cell culture was considered
potentially suitable for the cultivation in bioreactors.

2.2. Suspension Cell Culture Growth in 20 L Bioreactor under a Semi-Continuous
Cultivation Regime

To establish the bioreactor cultivation for cell suspension of P. fruticosa in bubble-type
20 L glass bioreactors, three sequential multi-cycle (MC) runs were performed under a
semi-continuous regime. The first two MC runs consisted of three subculture cycles, and
the third MC run had 11 subculture cycles (Figure 3). In each subculture cycle, a portion of
the suspension was harvested at the end of the exponential—beginning of the stationary
growth phase, and the remaining suspension was diluted by adding fresh medium to
reach the suspension concentration around 1.5–2.0 gDW L−1 that allowed further growth
without a lag phase. The total duration of multicycles 1, 2, and 3 was 42, 53, and 204 days,
respectively. The growth curves and main growth characteristics of the cell culture during
MC 1, 2, and 3 are shown in Figure 3 and Tables 1 and 2.

Growth parameters of the cell suspension in bioreactors changed compared to flasks
(Table 1). An increase in inoculum density to ~2 g L−1 allowed to omit the lag phase and
thus shorten the cultivation time until reaching a maximum biomass production point
from 22 to 16–17 days on average (Table 1) while keeping a nearly similar maximum
biomass concentration level (Xmax = 6.7 g L−1 in bioreactors vs. 8.2−1 in flasks). However,
the specific growth rate of the culture in bioreactors decreased almost twice compared to
flasks. Some reductions in productivity (by 22%) and economic coefficient (by 41%) were
also recorded. Despite the overall good cell viability (above 70%) during cultivation in
bioreactors, a steady decrease in maximum fresh weight (FW) and DW concentrations
was observed within each MC run, and this tendency persisted through all three MC runs
performed in this study (Figure 3). However, growth parameters were not significantly
different between three independent MC bioreactor runs.

Compared to flask culture, a minor shift towards higher aggregation was observed
for the cell suspension in bioreactors, as the percentage of aggregates with over 50 cells
increased from 27.6 to 39.3% (Table 2). However, this change had no negative impact on
the technological aspects of the cultivation process.
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(a) 

(b) 

(c) 

Figure 3. Growth curves of Polyscias fruticosa suspension cell culture during cultivation in 20 L
bioreactor in a semi-continuous cultivation regime: (a) Multi-cycle (MC) no. 1; (b) MC no. 2; (c) MC
no. 3.
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2.3. Analysis of the Two Major Secondary Metabolites in the Suspension Cell Culture of Polyscias
fruticosa during Cultivation in Flasks and Bioreactors

Triterpene glycosides ladyginoside A and PFS (28-O-β-D-glucopyranosyl ester of
oleanolic acid 3-O-β-D-glucopyranosyl-(1→4)-β-D-glucuronopyranoside) in dried cell
biomass of P. fruticosa were identified as described earlier [40–42] using UPLC-ESI-MS
based on the interpretation of corresponding mass-spectra, comparison of chromatographic
behavior, and mass-spectra with standard samples previously isolated from the leaves
of Polyscias filicifolia [40–42] and the literature data [45,46]. Structural formulas of the
two compounds are presented in Figure 4. The results of qualitative and quantitative
analysis of triterpene glycosides (negative ion mode) in cell biomass are presented in
Tables 3 and 4. Ladyginoside A and PFS were detected in cell biomass during cultivation
in flasks and bioreactors (Table 4). Interestingly, the production of both compounds in
bioreactors was significantly higher compared to flasks (p = 0.01 for PFS and p = 0.0002 for
LadA). In flasks, PFS accumulation in cell biomass was higher at day 20 (end of exponential
phase) compared to day 27 (end of stationary phase–beginning of degradation phase). At
the same time, the content of LadA did not change significantly between these growth
phases. The content of LadA remained relatively stable within each multi-cycle bioreactor
run, ranging from 0.65 to 0.75 mg gDW−1 depending on a subcultivation cycle. The content
of PFS varied in a broader range (0.70–1.17 mg gDW−1) between subcultivations within one
MC run. However, the average content of both triterpene glycosides was similar between
the three MC rungs in bioreactors (Table 4), indicating relatively good reproducibility of
biosynthesis of TG in the bioreactor cultivation system.

Figure 4. Chemical structure of triterpene glycosides found in cell biomass of Polyscias fruticosa:
Ladyginoside A: R = H; PFS: R = β-D-glucopyranoside.

Table 3. Results of UPLC–ESI–MS analysis (negative ion mode) of extracts from cell biomass of
Polyscias fruticosa suspension cell culture grown in flasks.

tR, min * [M-H]−, m/z ** Identification Results

7.906 955.6 PFS ***
13.440 793.6 Ladyginoside A (LadA)

* Retention time on the chromatographic column (min); ** The m/z values for the ions detected in the mass spectra;
*** 28-O-β-D-glucopyranosyl ester of oleanolic acid 3-O-β-D-glucopyranosyl-(1→4)-β-D-glucuronopyranoside.

Table 4. Content of PFS and ladyginoside A, as determined using UPLC–ESI–MS, in cell biomass
samples of Polyscias fruticosa suspension cell culture grown in flasks and 20 L bioreactors.

Cultivation System Variant
Triterpene Glycoside Content, mg gDW−1

PFS Ladyginoside A

Flasks
Day 20 0.50 ± 0.05 bc 0.22 ± 0.01 b

Day 27 0.34 ± 0.12 c 0.20 ± 0.01 b

Bioreactors *

MC no. 1 0.78 ± 0.01 a 0.66 ± 0.01 a

MC no. 2 1.03 ± 0.37 a 0.75 ± 0.08 a

MC no. 3 0.92 ± 0.15 ab 0.79 ± 0.21 a

Average of MC 1-3 0.91 ± 0.12 0.73 ± 0.07
* For each MC, values are means of triterpene glycoside content measured during individual subcultivation cycles
at the time points of maximum biomass accumulation; PFS—28-O-β-D-glucopyranosyl ester of oleanolic acid
3-O-β-D-glucopyranosyl-(1→4)-β-D-glucuronopyranoside; MC—multi-cycle. Mean values in columns followed
by the same letter are not significantly different at p < 0.05, according to Duncan’s multiple range test.
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2.4. Antioxidant and Antimicrobial Activities of the Extracts from Cell Biomass of P. fruticosa
Grown in Bioreactors

For rapid assessment of the biological activity of the cell biomass extracts, their antimi-
crobial and antioxidant activities were determined and compared to those of leaves of the
greenhouse plants.

The minimum inhibitory concentrations (MICs) of cell biomass extracts against the
most common pathogens, Staphylococcus aureus, including methicillin-resistant strain MRSA,
Pseudomonas aeruginosa, and Escherichia coli, are given in Table 5. Cell biomass was most
effective against E. coli, followed by S. aureus and P. aeruginosa, and less effective against
MRSA. However, for all pathogens tested, the antimicrobial activity of cell biomass extracts
exceeded those exhibited by extracts from greenhouse plant leaves.

Table 5. The minimum inhibitory concentration (MICs) of extracts from Polyscias fruticosa cell biomass
grown in bioreactors and greenhouse plant leaves.

Extracts

MICs, μg mL−1

Escherichia coli ATCC
25922

Staphylococcus aureus
ATCC 25923

MRSA ATCC 33591
Pseudomonas

aeruginosa ATCC 27853

Cell biomass 250 500 2000 500
Plant leaves 4000 4000 4000 4000

MRSA—methicillin-resistant Staphylococcus aureus.

The antiradical activity of cell biomass and greenhouse plant leaf extracts was deter-
mined by two spectrophotometric tests, DPPH and TEAC, based on the ability of plant
material samples to bind stable radicals. The P. fruticosa leaf extract showed higher antiradi-
cal activity in both tests, and the obtained absolute effective concentrations causing a 50%
effect (EC50) of extracts from leaves were lower than the EC50 of extracts from cell culture
biomass (Table 6).

Table 6. Antioxidant activities of the extracts from P. fruticosa cell biomass and greenhouse plant
leaves expressed as EC50 values (absolute effective concentrations causing a 50% effect), based on
DPPH and TEAC assays.

Extracts
Assay *

DPPH EC50, mg mL−1 TEAC EC50, mg mL−1

Cell biomass 17.85 ± 0.44 a 11.10 ± 0.98 a

Plant leaves 10.69 ± 0.09 b 8.81 ± 0.13 a

Positive control 0.150 ± 0.002 0.036 ± 0.001
* DPPH—2,2-diphenyl-1-picrylhydrazyl free radical scavenging assay; TEAC—Trolox equivalent antioxidant
capacity. Ascorbic acid and Trolox were positive controls for DPPH and TEAC assays, respectively. In columns,
values followed by the same letter are not significantly different at p < 0.05 according to Student’s unpaired t-test
with Welch correction.

3. Discussion

Our results demonstrated that the suspension cell culture of P. fruticosa grew well in
flasks (Table 1). The maximum dry weight accumulation in flasks achieved in our study
(8.2 g L−1 at the inoculum density 1.1 g L−1) was similar to what was previously recorded
for the same cell strain [40,44] and to those reported for the suspension cell cultures of
P. fruticosa by Kim et al. [31] (0.33–0.45 g per flask or 6.5–9.0 g L−1 depending on the media
composition at inoculum density 3.3–3.4 g L−1). The cell culture showed a lag phase when
subcultured with inoculum density about 1.0 g L−1 [44]. The growth parameters of the
P. fruticosa suspension cell culture were good enough to consider its bioreactor cultivation.
For example, the economic coefficient of 0.27 suggests that almost one third of sucrose
supplied to culture medium is utilized for building cell structures and compartments.
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The size of cell aggregates in the suspension culture is essential for bioreactor cultiva-
tion. Large cell aggregates can lead to an inhomogeneous distribution of nutrients, oxygen,
light, and other environmental factors between the cells, thus reducing the suspension
growth. In addition, large cell aggregates create technological problems in bioreactor oper-
ation, such as excessive sedimentation and adhesion of cells to bioreactor walls and hose
plugging [47,48]. In the present study, the suspension cell culture of P. fruticosa had no large
aggregates (over 1 mm in diameter) throughout the growth cycle in flasks, which was a
positive factor for further upscaling to bioreactors (Table 3). During bioreactor cultivation,
the ratios of cell aggregate groups changed towards forming larger aggregates. However,
such change had no impact on the cultivation process due to the small size of the cells.

For bioreactor cultivation, the bubble type of bioreactors and the semi-continuous
cultivation regime were selected based on a review of the literature data on the classification
of bioreactors and their technological parameters as well as on the results of our experience
with bioreactor cultivation of the cell suspensions of other plant species [35,36,49–51]. The
aeration regime for bioreactors was selected experimentally. The airflow rate varied depend-
ing on the cell suspension growth stage, taking into account the following requirements:
(i) the concentration of dissolved oxygen (pO2) should remain above 15%; (ii) there should
be no stagnant (“dead”) zones in the bioreactor, no cell sedimentation, and no intensive
foaming [52,53]. Dissolved oxygen concentrations between 15 to 20% air saturation are
usually recommended for plant cell cultivations [54].

Inoculum density is one of the main parameters for optimizing bioreactor cultiva-
tion for plant suspension cell cultures. Several studies revealed that variations in the
inoculum size can lead to changes in culture growth kinetics and production of secondary
metabolites and cell biomass, and this effect is specific for different cell cultures, even
within the same plant species [55–58]. Increasing the inoculum density to a certain level
leads to a reduction in or complete disappearance of the lag phase, an increment in the
specific growth rate, earlier entrance to the stationary growth phase, and earlier synthesis
of secondary metabolites. On the contrary, reducing the inoculum below a certain critical
value, specific for each cell culture, may lead to a significant suppression and, in some
cases, a complete arrestment of the culture growth. In the present study, higher inoculum
density was used for bioreactor cultivation of P. fruticosa cell suspension compared to flask
cultures (2.07 vs. 1.10 gDW L−1). This allowed omitting the lag phase and reducing the
time required to reach the maximum biomass accumulation point, thus resulting in 25–30%
shorter subculture cycles compared to flask culture. However, it also led to reduction
in growth parameters (productivity, specific growth rate, and economic coefficient). A
similar tendency was observed for flask cultures where inoculum size above 2.5 gDW L−1

led to a significant slowdown in cell culture growth, a decrease in viability and maxi-
mum biomass accumulation (Supplementary Figure S1), and medium darkening during
2–3 subcultivation cycles. Therefore, in the present study, inoculum size was controlled
at ~1.8–2.4 gDW L−1, and the fresh medium was fed into bioreactors at a cell suspension
concentration of 6.5–8.5 gDW L−1. Factors limiting the growth of cell cultures during culti-
vation with high inoculum density may include rapid depletion of nutrients in the culture
medium, accumulation of toxic byproducts, tissue metabolites, or dead cell residues.

The maximum biomass accumulation and the average specific growth rate decreased
in bubble-type bioreactors compared to flask culture (Table 2). It is likely that the growth
limitations may be associated with higher stress levels in the bubble-type bioreactors in
comparison with flasks [37,54,59]. However, the type of bioreactors used in the present
study was selected based on our previous successful experience with suspension cell
cultures of a number of medicinal species, such as Dioscorea deltoidea, Panax japonicus,
Stephania glabra, Taxus wallichiana, and a relative species Polyscias filicifolia [35,60–62]. These
cultures retained their main characteristics during cultivation in bioreactors of this type.
Unlike cell cultures mentioned, a cell suspension of P. fruticosa requires further optimization
of the bioreactor conditions and a more comprehensive investigation of cell suspension
physiology. At the same time, the growth and biomass accumulation parameters were
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stable and repetitive between multicycles performed during three years, which makes the
future of bioreactor cultivation of this cell strain quite promising.

It is essential that the cell culture grown in bioreactors accumulate biologically active
compounds and maintain active biosynthesis of the desired secondary metabolites. Quali-
tative and quantitative analysis of secondary metabolites confirmed the presence of TG of
the oleanolic acid group in cell biomass samples from both flasks and bioreactors. These
compounds were PFS and LadA, identified earlier in this suspension cell culture [40,42,44]
(Table 3). During the bioreactor cultivation, the suspension cell culture of P. fruticosa re-
tained active synthesis of these metabolites at a sufficiently high level, exceeding those
recorded during cultivation in flasks. With increasing duration of bioreactor cultivation
(MC 3 in Table 4), a relatively stable synthesis was observed for LadA. In contrast, PFS
content showed fluctuations within a 0.20–0.40 mg gDW−1 range between the subculture
cycles. These results are in accordance with other studies [1,7,8,16] reporting oleanolic acid
saponins as major components of P. fruticosa. PFS and LadA were found in the leaves and
roots of P. fruticosa plants [7–9]. Moreover, the PFS saponin is quantitatively the primary
compound isolated from leaves and roots of P. fruticosa plants. Therefore, PFS can be
potentially used as a marker for quality control of P. fruticosa-based products, particularly
cell biomass [8]. It is worth noting that the amount of PFS in the cell culture in our study
was comparable to its content in leaves (1.30 mg gDW−1) and roots (0.57 mg gDW−1) of
P. fruticosa plants [8].

It is acknowledged that the oleanolic acid glycosides are primarily responsible for
the biological activity of P. fruticosa [10–14], including antibacterial effects. In particular,
P. fruticosa leaf extract exhibited antibacterial activity on Gram-positive Cocci Staphylococcus
aureus (including MRSA), Bacillus subtilis, and E. coli [13,14]. It is considered that oleanolic
acid saponins can increase and/or disrupt the permeability of the bacterial cell membrane,
which leads to damage and death of the bacterial cells [13]. In our work, the antibacterial
activity of extracts of cell suspension biomass from bioreactors was investigated in vitro by
broth microdilution assay using cultures of the four most common pathogens. The highest
antibacterial activity for cell biomass extract was observed against the Gram-negative strain
Escherichia coli (MIC 250 μg mL−1). The lowest activity was revealed against the Gram-
positive strain MRSA ATCC 33591 (MIC 2000 μg mL−1). Importantly, the antimicrobial
activity of the extracts from cell biomass exceeded those of extracts from plant leaves
(Table 5).

Several publications reported the in vitro and in vivo antioxidant activities of crude
extracts of P. fruticosa leaves and roots [24,27,63,64]. There are different methodologies for
evaluating the antioxidant activity of both synthetic and natural compounds. In our study,
we performed DPPH and ABTS assays as rapid and low-cost methods for antioxidant activ-
ity screening of cell biomass extracts. These methods are frequently used for the evaluation
of the antioxidative potential of plant extracts, including most of the published studies on
the antioxidant activities of P. fruticosa [24,27,28,63,65]. In our study, cell biomass extracts
demonstrated moderate antioxidant activities that were slightly lower than the activity
measured for extracts from leaves of the greenhouse plants (Table 6). These differences can
be attributed to the activity of both TG found in cell biomass and polyphenolic compounds
(not analyzed in the present study). For example, Tran et al. [27] demonstrated strong
correlations between the antioxidant activity of the P. fruticosa extract and the content of
polyphenols and triterpenoid saponins.

4. Materials and Methods

4.1. Cell Suspension Cultivation in Flasks and Bioreactors

Polyscias fruticosa (L.) Harms suspension cell culture, strain 6a, was provided by the All-
Russian Collection of Plant Cell Cultures at the Institute of Plant Physiology of the Russian
Academy of Sciences (Moscow, Russia). The strain was induced from a leaf of a greenhouse
plant, as described earlier [43]. Stock cell culture was maintained in 250 mL Erlenmeyer
flasks filled with 30 mL of modified Murashige and Skoog liquid medium with 30 g L−1
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sucrose and plant growth regulators 2,4-D (2 mg L−1) and BA (1 mg L−1) [43,66] (Figure 5,
Table 7). The initial density (inoculum) size was set at 0.9–1.2 gDW L−1. Cultures were
grown on an orbital shaker (95–100 rpm) at 26–27 ◦C and 70–75% relative air humidity in
darkness. Subcultures were performed every 14 days. In the experiments on growth curve
estimation, the culture period was extended to 34 days to capture the degradation phase.

(a) (b) 

  

Figure 5. Suspension cell culture of Polyscias fruticosa: (a) in 250 mL flasks; (b) in 20 L bubble-type
bioreactors.

Table 7. Major characteristics of cultivation systems used for Polyscias fruticosa cell suspension (based
on [60]).

Cultivation System 250 mL Flasks on an Orbital Shaker
20 L Bioreactors
(Bubble-Type)

Mode of operation Batch Semi-continuous
Working volume 35 mL medium 15 L

Aeration device No
Sparger *

nh = 1
dh = 6.0 mm

* Air supply 0.5 to 1.0 v vpm−1; nh—number of holes in the sparger; dh—diameter of the hole in the sparger.

Bubble-type 20 L glass bioreactors (Institute of Plant Physiology of RAS, Moscow,
Russia) with 15 L working volume and air supply through a sparger were used to cultivate
cell suspension (Table 7; Figure 5). The choice of bioreactor type was based on previous
studies demonstrating that barbotage bioreactors produced minimum mechanical damage
to plant cell suspensions [35,60,67]. The scheme of the bioreactor is given in Supplementary
Figure S2. Cultivation was performed using a semi-continuous regime at 26 ± 0.5 ◦C in
darkness. To maintain the semi-continuous cultivation, a portion of cell suspension was
regularly harvested from bioreactors using a special sterile hosepipe at the beginning of the
stationary growth phase of a subcultivation cycle, which was measured as cell suspension
concentration reaching 6.5–8.5 gDW L−1. Simultaneously, the sterile fresh nutrient medium
was added to bioreactors until cell suspension was diluted to 1.5–2.0 gDW L−1, and the
cultivation process was continued. This process was repeated when the cell suspension
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reached the beginning of the stationary phase of the next subcultivation cycle. Each biore-
actor cultivation under a semi-continuous regime thus consisted of multiple subcultivation
cycles and is therefore designated in the text as a “multi-cycle (MC) run.” Three indepen-
dent MC runs of bioreactors were performed in this study. The first two MC runs consisted
of three subculture cycles, and the third MC run had 11 subculture cycles (Figure 3). The
total duration of multicycles 1, 2, and 3 was 42, 53, and 204 days, respectively.

The dissolved oxygen (pO2) concentration was maintained at 10–40% of saturation
volume without intense foaming. Air was supplied to bioreactors at a rate varying from
0.1 to 1.0 v vpm−1 depending on the growth phase of the cell culture. The minimum air
flow rate was set at the beginning of subculture cycles to reduce the adverse effects of
intensive suspension mixing while avoiding cell sedimentation. During the exponential
growth phase, the air supply rate was increased to the maximum possible that did not
cause cell destruction, as confirmed by microscopic observations.

4.2. Assessment of Growth and Physiological Characteristics of the Cell Suspension Culture

During cultivation in flasks and bioreactors, FW and DW of cell biomass, aggregation
level, and viability were recorded every 2–3 days during the cultivation cycle [60]. For each
time point, three flasks or three samples from bioreactors were taken (n = 3).

To estimate the FW, 10–15 mL of the cell suspension was collected on paper filters
in a Büchner funnel, and the culture medium was removed under vacuum. Cells were
washed three times with distilled water under vacuum, and FW of the biomass sample was
recorded. To estimate DW, cell biomass sample was dried at 40 ◦C for 48 h to a constant
weight. The biomass samples for chemical analysis and biological activity assessment (see
below) were prepared following the same procedure.

Cell viability was calculated under microscope after staining with 0.025% Evans blue
(modified from [68]) as the percentage of cell aggregates composed of colorless (living)
cells. Aggregation was defined as the ratio of different types of aggregates expressed in
percentages. To increase contrast, cells were stained with 0.1% phenosafranin, and the
number of aggregates of different types was counted under a light microscope. The diame-
ter of large aggregates was measured under a binocular microscope. The measurements
were performed in three biological and two analytical repetitions (a fixed volume of cell
suspension was taken twice from each of the three flasks or bioreactor samples, and each
time at least 100 aggregates were measured).

In addition, the following growth parameters were calculated based on DW according
to [35,69]:

Specific growth rate, indicating the rate of dry weight increase per day:

μ = maximum value of μi = ln(Xi/Xi−1)/(ti − ti−1), [day −1]

where Xi and Xi−1 are, respectively, dry cell biomass concentrations (g L−1) at time points
ti and ti−1;

Doubling time, indicating the time requiring for doubling dry cell weight at constant
μ (exponential growth phase):

τ = ln2/μ, [day]

Productivity on dry biomass, indicating the amount of biomass that can be harvested
from one liter of the suspension per day:

P = maximum value of Pi = (Xi − X0)/(ti − t0) [g (L day)−1]

where Xi and X0 are, respectively, dry cell biomass concentrations (g L−1) at time points ti
and at the time of inoculation t0

Economic coefficient, indicating the efficiency of substrate (sucrose) utilization for
cell growth:

Y = (Xmax − X0)/S0,
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where: X0 and Xmax are, respectively, initial and maximum dry cell biomass concentrations
(g L−1); S0—initial sucrose concentration in the medium (g L−1).

4.3. Extract Preparation and High-Performance Liquid Chromatography-Electrospray
Ionization–Mass Spectrometry (UPLC-ESI-MS) Analysis of Triterpene Glycosides in Cell Biomass

Dried cell biomass was powdered, and extraction and purification by solid-phase
extraction were performed according to previously published procedures [70]. The evapo-
rated extracts were dissolved in 2 mL of 70% (v/v) aqueous methanol and filtered through
a nylon filter “Acrodisc” with 0.2 μm pores (Pall Corporation, NY, USA).

The analysis of triterpene glycosides was performed using ACQUITY UPLC H-Class
PLUS chromatograph (Waters, Milford, MA, USA) coupled with electrospray ionization
and a hybrid time-of-flight mass spectrometry detector Xevo G2-XS TOF (Waters, Milford,
MA, USA). Samples (0.05 μL) were separated on the ACQUITY UPLC BEH C18 column
(50 × 2.1 mm, 1.7 μm; Waters, Drinagh, County Wexford, Ireland) at 40 ◦C with mobile
phase flow rate 0.4 mL min−1. The composition of the mobile phase was: 0.1% (v/v)
solution of formic acid in water (phase A) and 0.1% (v/v) solution of formic acid in 99.9%
(v/v) acetonitrile (phase B). Phases were prepared using deionized water (Simplicity UV,
Millipore, Molsheim, France) and acetonitrile of “LC-MS” grade (Panreac, Barcelona,
Spain). Analytes were separated using a gradient (B, % by volume): 0–1 min—5→15%,
1–5 min—15→30%, 5–11 min—30→38%, 11–15 min—38→65%, 15–15.5 min—65→95%.

Analysis was performed in a negative ion detection mode in the m/z range of 100–1900.
The ionization source temperature was set to 150 ◦C, desolvation temperature 650 ◦C,
capillary voltage 3.0 kV, sample injection cone voltage 30 V; desolvation gas (nitrogen)
flow rate 1101 L h−1. Data analysis was performed using MassLynx software 4.2 (Waters,
Milford, MA, USA).

Triterpene glycosides were identified using cell culture grown in flasks as described
earlier [41]. Structural identification of ladyginoside A and PFS (28-O-β-D-glucopyranosyl
ester of oleanolic acid 3-O-β-D-glucopyranosyl-(1→4)-β-D-glucuronopyranoside) was
carried out by comparing chromatographic and mass spectrometric characteristics of the
found compounds with standard samples of these glycosides, previously isolated from
the leaves of Polyscias filicifolia and the structure of which was unambiguously confirmed
by 1D and 2D NMR and high-resolution mass spectrometry [41]. The concentrations of
individual compounds in cell biomass grown in flasks and bioreactors were determined
from the calibration curves constructed using the external standard of ginsenoside R0
(Sigma-Aldrich, MA, USA). Standard deviations for retention time and chromatographic
peak squares were below 1% and 15%, respectively. In a working concentration range
(0.02–50.00 μg mL−1), linear models approximated the calibration curve with correlation
coefficients R2 > 0.995.

4.4. Test Systems for Rapid Assessment of the Biological Activity of Cell Biomass Extracts:
Antioxidant and Antimicrobial Tests
4.4.1. Preparation of Extracts from Plant Leaves and Cell Culture Biomass for Antioxidant
and Antimicrobial Activity Tests

Antioxidant and antimicrobial activities of cell biomass harvested from a 20 L biore-
actor were compared to those of greenhouse P. fruticosa plant leaves. Mature leaves were
randomly collected from two pot plants (five per plant) growing in a greenhouse of the
Main Botanic Garden (Moscow, Russia) and air-dried at 40 ◦C under the same conditions
as cell biomass. Dried cell and leaf biomass samples were ground to a fine powder in
a mortar. Samples weighing 2 g were extracted in a 20-fold (1:20) volume of 100% and
80% aqueous methanol in an ultrasonic bath (Sapfir, Russia) for 15 min each. The total
extract was filtered, evaporated under vacuum at 40 ◦C, freeze-dried, and stored at 5 ◦C.
For antimicrobial activity tests, samples were re-dissolved in a 10% dimethyl sulphoxide
(DMSO) solution. The resulting extracts (20 mg mL−1) were diluted by distilled water to a
final concentration of 4 mg mL−1 and used in the tests. For the antioxidant activity assay,
dry extracts prepared as described above were re-dissolved in 4% DMSO to obtain a stock
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solution of 100 mg mL−1. These solutions were further diluted to a range of concentrations
(from 7 to 12 mg mL−1 for the leaf extract and 5 to 20 mg mL−1 for the cell culture extract)
and used to determine the EC50 values in DPPH and TEAC assays.

4.4.2. Determination of Antioxidant (Antiradical) Activities Using DPPH and
TEAC Assays

The antioxidant (antiradical) activity of the suspension cell culture and leaf extracts
were determined by 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging and
Trolox equivalent antioxidant capacity (TEAC) assays. The analyses were performed accord-
ing to Masci et al. [71], with minor modifications as follows. All chemicals were analytical
grade and purchased from Sigma. Absorbance was measured using a spectrophotometer
Genesys 20 (Thermo Scientific, USA).

DPPH Assay

An amount of 10 μL of extract solutions diluted as described in 4.4.1. was added to
1 mL of 40 μmol L−1 methanolic solution of stable nitrogen-centered free radical DPPH·.
The absorbance was monitored spectrophotometrically at 517 nm after one hour of incu-
bation at room temperature in the dark. The capacity for scavenging the DPPH-radical
was estimated from the difference between the absorbance measured with and without the
addition of the extract.

TEAC Assay

A 7 mmol L−1 solution of the 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) was prepared by dissolving ABTS in water. Then, ABTS was
oxidized to a radical cation (ABTS+·) by 2.45 mmol L−1 potassium persulfate during 16 h
incubation at room temperature in the dark. The radical cation reagent (ABTS+·) was
diluted with ethanol to obtain an absorbance of 0.70 ± 0.02 at 734 nm. To initiate the
reaction, 10 μL of extract solutions diluted in 4% DMSO, as described above, were added
to 1 mL of the ABTS+· solution. The mixture was incubated for six minutes in the dark and
at room temperature, and absorbance was measured at 734 nm. The antioxidant capacity of
the samples was expressed in Trolox equivalents.

Estimation of the Effective Concentration (EC50)

Antiradical activity curves were plotted referring to sample concentrations on the X
axis and their relative radical scavenging capacity on the Y axis. Effective concentration
(EC50) was defined as a sample concentration that gives a 50% percentage effect. The EC50
values were determined using a linear regression algorithm in GraphPad Prism version
8.0.1. The experiments were performed in triplicate, and the actual EC50 was estimated
by calculating the average value from three different EC50 extrapolations with correlation
coefficients R2 > 0.80.

4.4.3. Determination of Antibacterial Activities

The antibacterial activity analysis was modified from Orlova et al. [72]. Bacterial
strains used were Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and
Staphylococcus aureus ATCC 25923, MRSA ATCC 33591. Strain MRSA ATCC 33591 was
provided by Prof. R. Lehrer (University of California Los Angeles, CA, USA); Escherichia
coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Staphylococcus aureus ATCC 25923
were provided by the Department of Molecular Microbiology, IEM. Bacterial strains were
cultured under aerobic conditions according to the approved standard protocols. The
minimum inhibitory concentrations (MIC) of the cell and leaf extracts were determined by
the broth microdilution method, as recommended by the Clinical Laboratory Standards
Institute, USA [73]. The microorganisms were transferred from an agar plate culture to
2.1% (w/v) Mueller–Hinton broth (MHB, HiMedia, Mumbai, India) and incubated on an
orbital shaker (150 rpm) at 37 ◦C for 2–6 h. After adjusting the turbidity to 0.5 McFarland
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(1.5 × 108 CFU mL−1), suspensions were diluted in sterile 2.1% (w/v) MHB until achieving
a final bacterial concentration of 1.0 × 106 CFU mL−1.

The cell suspension and leaf extracts were serially two-fold diluted (starting with the
initial concentration 4 mg mL−1) with sterile 2.1% (w/v) MHB. Then, 25 μL aliquots were
placed in the wells of a 96-well sterile U-shaped plate (GreinerBio-one, Austria). Afterward,
bacterial suspension (25 μL) was added to each well. The microtiter plates were incubated
in a thermostat at 37 ◦C for 18 h. MICs were defined as the lowest extract concentrations
that inhibited the visual growth of microorganisms. The experiments were performed in
triplicate, and the final results were calculated as the medians based on the data from three
independent experiments, each accompanied by the complete set of the controls of bacterial
growth and viability, and medium sterility.

4.5. Statistical Analysis

Data on suspension cell growth are presented as the mean values and standard
deviations recorded for the triplicates (three flasks or three fixed-size samples of cell
suspension collected from bioreactors) for each data point. For viability assessment, a
minimum of 250 cell aggregates were examined in each of the three replicates for every
experimental condition. Growth parameters and triterpene glycosides’ content during
bioreactor cultivation were determined as the average of several subcultivation cycles
within each multi-cycle bioreactor run. Standard deviations that constitute less than 10%
of mean values are not displayed in the graphs. Antioxidant and antimicrobial tests were
performed in triplicate.

The data analysis for this paper was generated using SAS software. Copyright©
2023 SAS Institute Inc. SAS and all other SAS Institute Inc. product or service names
are registered trademarks or trademarks of SAS Institute Inc., Cary, NC, USA. Statistical
significance of differences was estimated using the one-way ANOVA test followed by the
Duncan Multiple Range test at p < 0.05 for growth parameters and Dunnett’s test at p < 0.05
for triterpene glycoside content.

5. Conclusions

This is the first study on bioreactor cultivation of P. fruticosa suspension cell culture.
The results demonstrated that suspension cell culture of this species can be grown in labo-
ratory (20 L) bubble-type bioreactors under a semi-continuous regime for at least 200 days.
Cell culture retained satisfactory growth and biosynthetic abilities and accumulated oleano-
lic acid triterpene glycosides (ladyginoside A and PFS). Cell biomass extracts exhibited
antibacterial activity against four cultures of the most common pathogens. In antibacterial
tests, the minimum inhibitory concentrations (MICs) of cell biomass extracts against the
most common pathogens, Staphylococcus aureus, methicillin-resistant strain MRSA, Pseu-
domonas aeruginosa, and Escherichia coli varied within 250–2000 μg mL−1 which was higher
than in leaves of greenhouse plants (MICs = 4000 μg mL−1). Cell biomass extracts also
exhibited antioxidant activity, as confirmed by DPPH and TEAC assays. The results of
this study will be useful for further optimization of bioreactor cultivation for this species.
Our data also suggest that cell biomass of P. fruticosa produced in bioreactors has excellent
potential to become a sustainable source of the vegetative raw material of this species
for different purposes, for example, for functional foods, cosmetics, and natural health
products and therefore, help reduce overexploitation of wild plants in their native habitats.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12203641/s1, Figure S1: Growth curves (dry weight) of the
suspension cell culture of Polyscias fruticosa in 250 mL flasks plotted in semi-logarithmic coordinates.
X0—initial dry cell biomass concentration (inoculum size); X—dry cell biomass concentration at time of
sampling. Figure S2: Scheme of a bubble-type bioreactor used for the cultivation of Polyscias fruticosa cell
suspension. 1—exhaust air, 2—sterile compressed air input (sparger diameter 6 mm), 3—sterile nutrient
medium input, 4—sterile compressed air input for clearing sample collection pipeline, 5—pipeline for
collecting cell suspension samples. A, B, C—air sterilization filters; D—container with sterile liquid
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medium. Bioreactor dimensions: larger diameter—225 mm, height—480 mm, mouth outer/inner
diameter—60/46 mm.
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Abstract: The global industrial revolution has led to a substantial rise in heavy metal levels in
the environment, posing a serious threat to nature. Plants synthesize phenolic compounds under
stressful conditions, which serve as protective agents against oxidative stress. Basilicum polystachyon
(L.) Moench is an herbaceous plant of the Lamiaceae family. Some species within this family are
recognized for their capacity to remediate sites contaminated with heavy metals. In this study, the
effects of mercury (II) chloride and lead (II) nitrate on the in vitro propagation of B. polystachyon were
investigated. Shoot tips from in vitro plantlets were cultured in Murashige and Skoog’s (MS) media
with heavy metals ranging from 1 to 200 μM to induce abiotic stress and enhance the accumulation of
phenolic compounds. After three weeks, MS medium with 1 μM of lead (II) supported the highest
shoot multiplication, and the maximum number of roots per explant was found in 100 μM of lead (II),
whereas a higher concentration of heavy metals inhibited shoot multiplication and root development.
The plantlets were hardened in a greenhouse with a 96% field survival rate. Flame atomic absorption
spectroscopy (FAAS) was used to detect heavy metal contents in plant biomass. At both 200 μM
and 50 μM concentrations, the greatest accumulation of mercury (II) was observed in the roots
(16.94 ± 0.44 μg/g) and shoots (17.71 ± 0.66 μg/g), respectively. Similarly, lead (II) showed the
highest accumulation in roots (17.10 ± 0.54 μg/g) and shoots (7.78 ± 0.26 μg/g) at 200 μM and
50 μM exposures, respectively. Reverse-phase high-performance liquid chromatography (RP-HPLC)
identified and quantified various phenolic compounds in B. polystachyon leaves, including gallic
acid, caffeic acid, vanillic acid, p-coumaric acid, ellagic acid, rosmarinic acid, and trans-cinnamic
acid. These compounds were found in different forms, such as free, esterified, and glycosylated.
Mercury (II)-exposed plants exhibited elevated levels of vanillic acid (1959.1 ± 3.66 μg/g DW), ellagic
acid (213.55 ± 2.11 μg/g DW), and rosmarinic acid (187.72 ± 1.22 μg/g DW). Conversely, lead
(II)-exposed plants accumulated higher levels of caffeic acid (42.53±0.61 μg/g DW) and p-coumaric
acid (8.04 ± 0.31 μg/g DW). Trans-cinnamic acid was the predominant phenolic compound in control
plants, with a concentration of 207.74 ± 1.45 μg/g DW. These results suggest that sublethal doses
of heavy metals can act as abiotic elicitors, enhancing the production of phenolic compounds in B.
polystachyon. The present work has the potential to open up new commercial opportunities in the
pharmaceutical industry.

Keywords: abiotic stress; lamiaceae family; lead; medicinal plant; mercury; phenolic acids; propagation

1. Introduction

Heavy metal contamination is a serious environmental threat that substantially lim-
its crop productivity [1]. Essential metals like cobalt (Co2+), copper (Cu2+), iron (Fe2+),
manganese (Mn2+), nickel (Ni2+) and zinc (Zn2+) are crucial for plant growth and develop-
ment [2]. In contrast, non-essential heavy metals such as cadmium (Cd2+), mercury (Hg2+),
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lead (Pb2+), chromium (Cr2+), arsenic (As2+), etc. are extremely noxious for plants and
animals [3]. High concentrations of these metals can be harmful to plants, as they interfere
with plant metabolism and development [4]. The excessive accumulation of heavy metals
in plant tissues can interfere with photosynthesis, respiration and nutrient uptake [5]. Both
lead and mercury are the most toxic elements that can disrupt plant growth, as recognized
by the United States Environmental Protection Agency (EPA) and the US Agency for Toxic
Substances and Disease Registry (ATSDR) [6,7]. Mercury exists in various forms, including
elemental, inorganic, and organic compounds, all of which are toxic. Lead, on the other
hand, forms particularly harmful organometallic compounds when combined with car-
bon [8]. They can cause oxidative stress in cells, leading to increased production of reactive
oxygen species (ROS), lipid peroxidation, and signaling compounds that can interrupt the
defense system of plants [5,9,10].

Muszynska, et al. [11] and Demarco, et al. [12] found that some plants can survive in
stressful conditions, even when high concentrations of heavy metals can cause alterations
in photosynthesis by reducing the chlorophyll content in leaves. Elevated levels of heavy
metals in the growth medium can impact mineral uptake, leading to imbalances between
essential and trace elements, as demonstrated by Gatti [13] and Okem, et al. [14]. Interest-
ingly, some studies have reported that low concentrations of heavy metals can promote
plant growth [15–19]. However, prolonged exposure to heavy metals can generate free
radicals like superoxide anion (O2−), hydroxyl radicals (.OH), and non-free radicals such
as hydrogen peroxide (H2O2), organic peroxide (ROOH), and singlet oxygen (1O2) [20].
Plants respond to heavy metal stress by upregulating genes that encode proteins involved
in the production of secondary metabolites [21]. The production of secondary metabolites
in plants can be either stimulated or inhibited by exposure to heavy metal contamina-
tion [22]. Heavy metal exposure reduces the production of secondary metabolites in plants
as per previous studies [23–25]. There is some evidence that plants can produce phenolic
compounds in the presence of metals by increasing their metabolic activity [26–31].

The Industrial Revolution transformed global perspectives on addressing environmen-
tal waste management, as traditional remediation technologies were often costly and could
have adverse effects on the environment. In contrast, plant-based remediation is a more
sustainable and efficient approach that requires low energy and minimal expenses and can
effectively remove metal pollutants from the environment or transform them into non-toxic
forms. Non-edible aromatic plants are often a more appropriate choice for remediation
efforts due to their inherent aromatic properties, minimizing the risk of contaminating the
food chain with harmful substances [32]. Importantly, these plants are neither consumed by
humans nor animals, effectively halting the transmission of heavy metals from soil to the
food chain, and subsequently, to the human body [33]. Plant tissue culture is a powerful
tool for selecting metal-tolerant plants, which can be used for phytoremediation [34–39]. A
diverse range of plants, including shrubs, ornamental perennials, and annuals, can take up
and degrade pollutants. Among the species of the Lamiaceae family, Ocimum basilicum L.
holds the potential for phytoremediation [40,41]. Many other plant species can also clean
up heavy metals from soil. These include Bidens pilosa L., Tagetes minuta L. [42], Salix alba
L. [43], Helianthus annuus L. [44,45] for lead and Brassica juncea L. [41], Caladium bicolor L.,
Cyperus kyllingia L., Digitaria radicosa (Presl) Miq, Lindernia crustacea L., Paspalum conjugatum
L. and Zingiber purpureum (Roxb.) [46] for mercury.

Furthermore, other plant species recognized for their ability to accumulate heavy
metals comprise Basilicum polystachyon (L.) Moench, the plant selected for this study, which
is a fast-growing Lamiaceae species. This aromatic herb is found in Asia, Africa, and
India [47]. The present study investigated the potential for in vitro propagation of B.
polystachyon under heavy metal stress, as well as the accumulation of heavy metals in plant
biomass and the effect of heavy metal stress on the enhancement of phenolic compounds.
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2. Materials and Methods

2.1. Chemicals and Solvents

Murashige and Skoog’s (MS) basal medium, agar-agar, and diluent solution for DNA
were obtained from Hi-media, India. Bavestien® (Carbendazimpowder) was procured from
ASF India Limited, New Delhi, India. Tween-20 (Polysorbate 20), mercury (II) chloride, lead
(II) nitrate, methanol, n-hexane, acetonitrile, acetone, ethyl acetate, diethyl ether, nitric acid
(HNO3), perchloric acid (HClO4), sucrose, sodium hydroxide (NaOH), ethylenediaminete-
traacetic acid (EDTA) and phytagel were obtained from Merck, Merck-Sigma Aldrich, St.
Louis, MO, USA. All standard phenolic compounds viz., gallic acid, caffeic acid, p-coumaric
acid, ellagic acid, rosmarinic acid, trans-cinnamic acid and vanillic acid were procured from
Sigma Aldrich, Merck-Sigma Aldrich, St. Louis, MO, USA. All the solvents used in these
experiments were HPLC grade.

2.2. Source of Plant Material and Sterilization Grade

The B. polystachyon sample was obtained from 2-month-old plants grown ex vitro in
the field at the Department of Biotechnology, The University of Burdwan, Burdwan 713104,
West Bengal, India (23◦15′25.2′′ N, 87◦51′01.7′′ E). The plant specimen was identified and
verified by K. Karthigeyan, Scientist—‘F’, at the Botanical Survey of India in Kolkata, and
a voucher specimen (BU/SD-01) was deposited at the Department of Biotechnology at
The University of Burdwan. The use of this plant in the present study complies with
institutional, national, and international guidelines and legislation. All experiments were
performed in accordance with relevant guidelines and regulations. Shoot tips were excised
from the plant and used as the explant source. Explants were washed in Milli-Q water
(Millipore system, Merck, Rahway, NJ, USA) for 5 min, then disinfected in 70% ethanol v/v
for 10 s followed by washing with 0.01% v/v Tween-20 for 4 min [48,49]. Surface sterilization
was performed using 0.1% w/v mercuric chloride for 45 s in a Biosafety Cabinet A2 (Biobase
Inc., Jinan, China) under aseptic conditions. The explant was thoroughly rinsed three times
with Milli-Q water after sterilization [34,50].

2.3. Media Preparation and Culture Condition

A shoot tip measuring 6–7 mm in length was placed in a culture vessel (25 × 150 mm)
containing 20 mL of Murashige and Skoog’s (MS) basal media, as developed by Murashige
and Skoog [51]. The media was enriched with various concentrations (0, 1, 25, 50, 100, and
200 μM) of heavy metals, specifically mercury (II) chloride and lead (II) nitrate. Additionally,
the media contained 30 g/L sucrose and 0.15% w/v phytagel as supporting substances.
A control culture was also established using MS medium without the inclusion of heavy
metals. To ensure the best environment for plant regeneration, the plant growth chamber
was maintained at a constant temperature of 25 ± 2 ◦C, 55% humidity, and subjected to a
16 h photoperiod with 2000 lux of light intensity [34].

2.4. Shoot Multiplication, Rooting and Acclimatization

The multiplication of regenerated in vitro shoots was achieved by transferring mother
explants and subculturing in vitro raised plantlets on fresh culture media at a regular inter-
val of three weeks. Each experiment was repeated three times and the data were recorded
after three weeks using 20 replicates. Experimental data were recorded considering param-
eters such as the number of shoots per explant, shoot length, number of roots per shoot,
and root length. In vitro plantlets (three weeks old) were removed from culture tubes,
thoroughly washed with Milli-Q water to remove agar, and then transferred to plastic
pots (100 × 80 mm) containing a sterilized mixture of sand and soil (1:1 w/w). A 0.1%
w/v solution of Bavestien® was applied to the surface of the plastic pots to inhibit fungal
growth. The pots were covered with transparent poly bags (300 × 220 mm) and placed in
a plant growth chamber (Thermo Fisher Scientific, Waltham, MA, USA) at a temperature
of 25 ± 2 ◦C with a 16 h photoperiod. After one week, the plastic covers were removed,
and the plantlets were maintained under the same conditions for two weeks. The partially

194



Plants 2024, 13, 98

acclimatized plantlets were then moved to a net house environment. After two weeks,
acclimatized plants were transferred to their natural habitat [34].

2.5. In Vitro Selection and Analysis of Heavy Metal Contents

To evaluate heavy metal accumulation in B. polystachyon under different concentrations,
in vitro regenerated plantlets (three weeks old) were collected, washed, and subsequently
dried at room temperature. The plantlets were then divided into two parts i.e., shoot
and root. A 0.1 g of dried tissue sample was transferred to a Teflon-lined vessel and
digested with HNO3-HClO4 (3:1 v/v) in a microwave (LG, Delhi, India) digester. After
dilution with distilled water up to 25 mL, the samples were filtered and analyzed by flame
atomic absorption spectroscopy (PerkinElmer Inc., Waltham, MA, USA). The linearity and
range of different concentrations of reference heavy metals were evaluated precisely. The
determination of metals used a specific hollow cathode lamp (HCL) and air-acetylene flame,
with a slit width set to 0.7 nm and detection wavelengths of 283.3 nm and 253.7 nm for
lead (II) and mercury (II), respectively [52]. The heavy metal contents in plant parts were
expressed as μg/g DW.

Determination of Tolerance Index (TI) and Translocation Factor (TF)

The TI can be calculated according to the following equation [53,54]:

TI (%) =
Dry weight o f treated plant
Dry weight o f control plant

× 100

The TF was determined according to the formula followed by Yoon, et al. [55]:

TF =
Heavy metal content in shoot
Heavy metal content in root

2.6. Extraction, Identification, Quantification and Assessment of Phenolic Compounds

Heavy-metal-induced and control plant cultures (50 μM) were collected. Leaves
were cut, air-dried for 72 h, and ground into fine powder. Then, 0.5 g of each sample
powder was dissolved in 10 mL of an extraction buffer (methanol: water: acetone in a
5:3:2 ratio) and incubated for 48 h in a shaker incubator (Spac-N-Service, Kolkata, India) at
room temperature. The samples were subjected to ultrasonic extraction (PIEZO-U-SONIC
Ultrasonic Processor, Kolkata, India) at two distinct time intervals, i.e., 5 min and 10 min.
The frequency of the ultrasound was 40 kHz. The extracted solutions were centrifuged
(CPR-30 Plus, Remi Lab World, Mumbai, India) at 5600× g for 5 min, and the supernatant
was collected and filtered through a PTFE membrane filter (Hi-media, Thane, India). The
resulting supernatant was used to separate the different forms of phenolic compounds, i.e.,
free, esterified and glycosylated using the method described by Das, et al. [56] and Arruda,
et al. [57].

2.6.1. Extraction of Free Form Phenolic Compounds

The previously obtained supernatant was subjected to rotary vacuum evaporation
(RE 100 Pro, Biobase Inc., Jinan, China) at 40 ◦C to remove organic solvents. The resulting
aqueous phase was acidified to pH 2 and transferred to a separating funnel. The clear
supernatant was extracted three times with an equal volume of n-hexane (1:1, v/v) to
eliminate interfering lipid molecules. The organic and aqueous phases were separated, and
the aqueous phase was collected. An equal volume of diethyl ether and ethyl acetate (1:1,
v/v) was added to the aqueous phase, and the mixture was transferred to a separating
funnel. The organic phase was collected, dehydrated, and filtered through anhydrous
sodium sulfate using Whatman No. 1 filter paper. The solvent was then removed under
vacuum rotary evaporation at 35 ◦C. The resulting dry residue of free form phenolics was
dissolved in 1 mL of methanol for further use.
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2.6.2. Extraction of Esterified Form Phenolic Compounds

The remaining aqueous phase, obtained from the extraction of the esterified phenolics,
was hydrolyzed with a mixture of 4 M NaOH, 10 mM EDTA, and 1% ascorbic acid (using
a solvent to aqueous phase ratio of 2:1, v/v). The solution was incubated for 3 h at room
temperature in a water bath shaker (120 rpm) to release the esterified phenolics. The pH of
the solution was adjusted to 2 and transferred to a separating funnel, where it was mixed
with an equal volume of diethyl ether and ethyl acetate (1:1, v/v). The organic phase was
collected, dehydrated, and filtered through anhydrous sodium sulfate using Whatman
No. 1 filter paper. The resulting solution was evaporated under a vacuum using a rotary
evaporator at 35 ◦C. The dry residue of esterified form phenolics was dissolved in 1 mL of
methanol for further use.

2.6.3. Extraction of Glycosylated Form Phenolic Compounds

The aqueous solution left over from the extraction of esterified phenolic compounds
was subjected to hydrolysis with twice the volume of 6 M HCl and incubated for 30 min
in a shaker incubator (120 rpm) to release glycosylated phenolic compounds. The pH of
the resulting solution was adjusted to 2 and then mixed with an equal volume of diethyl
ether and ethyl acetate (1:1, v/v) in a separating funnel. The organic phase was collected,
dehydrated, and filtered using Whatman No. 1 filter paper with anhydrous sodium sulfate.
The resulting solution was evaporated under a vacuum rotary evaporator at 35 ◦C. The dry
residue of glycosylated form phenolics was dissolved in 1 mL of methanol for future use.

2.7. Instrumentation

An RP-HPLC system (Chromaster, Hitachi Corporation, Tokyo, Japan) equipped with
a UV detector and a quaternary gradient pump was utilized for the analysis of phenolic
compounds. The C18 reversed-phase column (5C18-MS-II, 4.6 ID 250 mm, cosmosil-
Nacalai Tesque INC., Kyoto, Japan) was maintained at a temperature of 25 ◦C. RP-HPLC is
a widely used technique for analyzing phenolic compounds, and most of these compounds
can be detected in the UV range [58]. The elution gradient for the sample was achieved by
using two solvents: solvent A (2% glacial acetic acid in water) and solvent B (acetonitrile:
water, 70:30) (Supplementary Table S1). A 20 μL sample was injected, and the flow rate was
set to 1 mL/min. The detection wavelength was 280 nm [59].

Identification and Quantification of Phenolic Compounds Using RP-HPLC

Phenolic compounds were identified by comparing the retention times of extracted
compounds with those of standard phenolic acids, including gallic acid, caffeic acid, p-
coumaric acid, rosmarinic acid, trans-cinnamic acid, vanillic acid, and ellagic acid. Standard
solutions of each acid were prepared by dissolving 1 mg in 1 mL of methanol and were
used to quantify the phenolic compounds present in the leaves of B. polystachyon. The
quantitative determination of phenolic compounds was carried out following the proposed
method [50,60].

Sample concentration(μg/gDW) =
Sample area

Standard area
× Standard weight

Standard dilution
× Sample dilution

Sample weight

2.8. Data Collection and Statistical Analysis

The data were analyzed using one-way analysis of variance (ANOVA) and the results
were presented as mean ± standard error. The significance of differences among means
was determined by Duncan’s multiple range test (DMRT) [61,62] at a significance level of
p ≤ 0.05 using SPSS 26.0 version software (SPSS Inc., Armonk, NY, USA). RP-HPLC data and
statistical graphs were generated using Origin 2022 and GraphPad Prism 9.5, respectively.
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3. Results and Discussion

3.1. Effect of Heavy Metal on In Vitro Propagation and Tolerance Index

Shoot tips from field-grown plants of B. polystachyon were cultured in MS media
that contained various concentrations of mercury (II) and lead (II) for plant regeneration
(Tables 1 and 2). Multiple shoots with roots were induced after 3 weeks of culture incu-
bation in MS media that was supplemented with various concentrations of mercury (II)
(Figure 1B–F). Plants showed tolerance to all concentrations of heavy metals (1, 25, 50, 100,
and 200 μM), as evidenced by the lack of chlorosis and necrosis. Heavy metal concentration
significantly impacted plant growth in B. polystachyon, with lower concentrations promoting
better shoot and root development (Table 1 and Figure 1). Among the concentrations tested,
1 μM mercury (II) induced the highest number and length of shoots in B. polystachyon
(Figure 1A,B). Increasing the concentration reduced overall growth, resulting in a gradual
decline in both shoot and root lengths. Surprisingly, at 50 μM, root number was maximized
while maintaining moderate shoot growth, as depicted in Figure 1D. However, the shoot
length was greatly reduced in 100 μM concentration of mercury (II), and root formation was
generally poor (Figure 1E). In addition, stout and hairy adventitious roots were observed
in MS media supplemented with 200 μM of mercury (II) (Figure 1F). This highlights the
complex interplay between heavy metal concentration and plant growth, suggesting the
existence of a critical balance for optimal development. The present results are consistent
with [63] reports that higher concentrations of mercury (II) inhibit the growth of Pisum
sativum L. Passow and Rothstein [64] and Shieh and Barber [65] also reported that mercury
(II) affected cell membranes, leading to a breakdown in the transport mechanism of plants.
Higher concentrations of heavy metal stress resulted in increased leaf wilting, significantly
reduced shoot multiplication, and shorter shoots and roots compared to control plants.
This could potentially be due to a reduction in cell division and differentiation [66]. Several
studies on basil plants suggest that the presence of heavy metals in the growth medium
has negative effects on various physiological processes [67,68].

As depicted in Figure 1H–L, the results suggest that higher concentrations of lead
(II) had a more significant impact on in vitro regeneration. Lead (II) at 1 μM in MS media
maximized both shoot multiplication and root induction (Figure 1H). Although 50 μM
proved optimal for both, exceeding this level generally inhibited root development, with
a notable exception at 100 μM, where root number unexpectedly increased (Figure 1K).
Intriguingly, at 200 μM, the mean shoot length plummeted to 1.00 ± 0.40 cm (Figure 1L).
Significantly, shoot multiplication was completely suppressed at 200 μM of both mercury
(II) and lead (II), whereas robust adventitious root formation persisted. Intriguingly, the
presence of these metals also induced B. polystachyon to flower, as shown in Figure 1D.
This finding aligns with the previously reported observation that heavy metals can pro-
mote flowering, suggesting a more complex interplay between these elements and plant
development [69]. Similar to Cyamopsis tetragonoloba L. and Sesamum indicum L. [70], which
exhibited tolerance to lead (II), B. polystachyon also demonstrated the ability to tolerate low
levels of heavy metals, according to this study. Heavy metal stress, particularly at high
levels, significantly reduced plant growth and development, likely due to interference with
nutrient uptake pathways. The present study demonstrates that in vitro-regenerated B.
polystachyon plantlets exhibit a noteworthy degree of tolerance to heavy metals.

Acclimatization of in vitro-grown plantlets was essential for their successful transplan-
tation to in vivo climatic conditions. By the end of the experiment, the result established
that B. polystachyon plantlets exposed to heavy metals were successfully propagated. Subse-
quently, the plantlets were acclimatized to the greenhouse environment, and the hardened
plants were transplanted to the field with a 96% survival rate (Figure 1G–M). Based on the
findings, it can be demonstrated that the in vitro propagation technique offers a promising
approach for selecting heavy-metal-tolerant plants.
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Table 1. Effect of Hg (II) on in vitro shoot multiplication, root induction, and plant tolerance index.

Hg (II)
(μM)

No. of Shoots Per Explant
Mean ± SE

Shoot Length (cm)
Mean ± SE

No. of Roots Per Shoot
Mean ± SE

Root Length (cm)
Mean ± SE

TI (%)

Control 8.25 ± 0.21 a 4.25 ± 0.27 a 8.00 ± 0.75 d 5.25 ± 0.18 a 0.00

1 7.50 ± 0.18 b 3.25 ± 0.27 b 8.25 ± 0.54 c 4.75 ± 0.17 b 96.87

25 6.25 ± 0.27 c 2.75 ± 0.45 c 8.5 ± 0.64 b 4.00 ± 0.24 c 90.31

50 5.25 ± 0.25 d 2.25 ± 0.44 d 9.0 ± 0.85 a 3.25 ± 0.35 d 78.75

100 2.00 ± 0.16 e 2.0 ± 0.85 e 4.50 ± 0.34 e 2.75 ± 0.40 e 54.68

200 1.00 ± 0.25 f 1.75 ± 0.27 f 2.50 ± 0.25 f 1.75 ± 0.81 f 40.00

Values represent mean ± SE of 20 replicates per experiment, with each experiment repeated three times. Mean
followed by the same letter is not significantly different (p ≤ 0.05) using Duncan’s multiple range test.

Table 2. Effect of Pb (II) on in vitro shoot multiplication, root induction, and plant tolerance index.

Pb (II)
(μM)

No. of Shoots Per Explant
Mean ± SE

Shoot Length (cm)
Mean ± SE

No. of Roots Per Shoot
Mean ± SE

Root Length (cm)
Mean ± SE

TI (%)

Control 8.25 ± 0.21 a 4.25 ± 0.27 a 8.00 ± 0.75 e 5.25 ± 0.18 a 0.00

1 7.75 ± 0.22 b 3.50 ± 0.28 b 8.25 ± 0.74 d 4.0 ± 0.27 b 97.18

25 6.50 ± 0.27 c 2.75 ± 0.24 c 9.00 ± 0.34 c 3.25 ± 0.22 c 90.00

50 5.75 ± 0.24 d 2.25 ± 0.55 d 9.5 ± 0.24 b 2.50 ± 0.25 d 79.37

100 2.75 ± 0.36 e 1.25 ± 0.65 e 10.25 ± 0.66 a 2.0 ± 0.20 e 70.86

200 1.75 ± 0.25 f 1.0 ± 0.40 f 4.00 ± 0.28 f 1.0 ± 0.11 f 42.18

Values represent mean ± SE of 20 replicates per experiment, with each experiment repeated three times. Mean
followed by the same letter is not significantly different (p ≤ 0.05) using Duncan’s multiple range test.

 

Figure 1. Effect of heavy metal stress on in vitro propagation of B. polystachyon after three weeks
of culture incubation. (A) Control, (B) MS medium containing 1 μM Hg (II), (C) 25 μM Hg (II),
(D) 50 μM Hg (II), (E) 100 μM Hg (II), (F) 200 μM Hg (II), (G) acclimatization of plantlets, (H) 1 μM Pb
(II), (I) 25 μM Pb (II), (J) 50 μM Pb (II), (K) 100 μM Pb (II), (L) 200 μM Pb (II), (M) hardened plantlets.

As shown in Tables 1 and 2, the results demonstrated that as the plant was exposed to
different concentrations of heavy metals, the TI (tolerance index) values markedly decreased
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at higher concentrations. Specifically, the plant had a 70.86% TI at 100 μM of lead (II) and a
42.18% TI at 200 μM of lead (II). Similarly, the plant had a 78.75% TI at 50 μM of mercury
(II) and a 40% TI at 200 μM of mercury (II). Interestingly, low concentrations of mercury (II)
and lead (II) had a partially negative effect on shoot and root growth, but B. polystachyon
was capable of accumulating high levels of heavy metals and had a survival rate of 96%.
Cano-Ruiz, et al. [71] found similar results for cadmium, nickel, lead, and copper. This
study supports the work of Youssef [72] on Ocimum basilicum L., which confirmed the effects
of heavy metals on the plant. Other studies have shown that plants from the Lamiaceae
family, such as Mentha crispa L., Mentha piperita L, Ocimum basilicum L. and Ocimum sanctum
L. can exhibit resistance against the harmful effects of heavy metal toxicity [73–75]. The
results of the study suggest that plantlets regenerated in vitro could be used to accumulate
heavy metals in contaminated sites.

The effect of varying concentrations of heavy metals on B. polystachyon was assessed
by measuring the fresh and dry weights of plantlets regenerated using the in vitro method.
As the concentrations of mercury (II) and lead (II) increased in the MS media, the fresh
and dry weights of the plantlets gradually decreased, as shown in Figure 2. The highest
fresh weight (3.12 ± 0.27 g) and dry weight (0.86 ± 0.18 g) of B. polystachyon were noted
in the MS media supplemented with 1 μM of mercury (II) compared to lead (II), but the
difference was not statistically significant. The fresh and dry weights of plantlets decreased
as the concentration of heavy metals increased in MS media. The plant biomass declined
significantly at 100 μM and 200 μM, after reaching 50 μM. Figure 2 illustrates that, despite
the control plants exhibiting marginally greater mean fresh weight (3.2 ± 0.34 g) and dry
weight (0.9 ± 0.13 g), there was no significant difference in biomass between the control
and the 1 μM heavy metal treatments. These findings suggest that low concentrations of
heavy metals did not significantly affect the plant biomass.

Figure 2. Effect of heavy metals on the fresh and dry weights of in vitro-raised plantlets. Values
represent mean ± SE of 10 replicates per experiment, with each experiment repeated three times.
Mean followed by the same letter is not significantly different (p ≤ 0.05) using Duncan’s multiple
range test.

Moreover, a reduction in the biomass of in vitro regenerated plantlets was noted in the
regenerating media with higher concentrations of heavy metals. The growth of the plant
was significantly affected by the addition of 200 μM of mercury (II) and lead (II) in the
medium, as evidenced by the significant reduction in shoot and root length. The toxic nature
of heavy metals interferes with cellular levels, disrupting the plant metabolic pathways
and ultimately reducing growth and development. Previous research demonstrated that
high concentrations of heavy metals in the growth medium can disrupt the ability of plants
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to take up water and nutrients, leading to decreased biomass in Ocimum basilicum L. and
Mentha piperita L [33,76,77].

3.2. Potential for Heavy Metal Accumulation

In Table 3, it was demonstrated that the plant exhibited the ability to accumulate a
particular level of heavy metals in both its root and shoot. Notably, the highest accumulation
of mercury (II) was observed at concentrations of 200 μM and 50 μM, with the root and
shoot values of 16.94 ± 0.44 μg/g and 17.68 ± 0.66 μg/g, respectively. There was no
significant difference observed in the accumulation of heavy metal in the shoot between
concentrations of 1 μM and 100 μM. Figure 3 shows the TF values for heavy metals, where
values greater than one indicate efficient metal translocation from root to shoot.

Table 3. Translocation of heavy metals in various plant tissues.

Concentration
(μM)

Hg (II)
(μg/g)

Pb (II)
(μg/g)

Root Shoot Root Shoot

Control 0 ± 0 0 ± 0 0 ± 0 0 ± 0

1 7.34 ± 0.47 e 8.76 ± 0.28 cd 7.2 ± 0.19 e 5.27 ± 0.43 de

25 9.17 ± 0.38 d 12.45 ± 0.45 b 9.56 ± 0.33 d 6.89 ± 0.55 b

50 11.56 ± 0.56 c 17.68 ± 0.66 a 13.66 ± 0.64 c 7.78 ± 0.26 a

100 14.43 ± 0.58 b 8.28 ± 0.47 cd 16.48 ± 0.72 b 6.24 ± 0.32 c

200 16.94 ± 0.44 a 7.78 ± 0.26 d 17.10 ± 0.54 a 5.56 ± 0.14 de

Values represent mean ± SE of 3 replicates per experiment, with each experiment repeated three times. Mean
followed by the same letter is not significantly different (p ≤ 0.05) using Duncan’s multiple range test.

Figure 3. TF of Hg (II) and Pb (II) in B. polystachyon. Values represent mean ± SE of 3 replicates per
experiment, with each experiment repeated three times. Mean followed by the same letter is not
significantly different (p ≤ 0.05) using Duncan’s multiple range test.

The present study found that the roots of B. polystachyon accumulated the highest level
of mercury (II) at a concentration of 200 μM, with a translocation factor of 0.45. However, at
a concentration of 50 μM, the TF value was 1.52, suggesting that the mercury (II) was able
to move from the root into the shoot. Lone, et al. [78] reported that the accumulation of high
levels of metals in aerial parts of the plant led to decreased plant height, which is consistent
with a previous study on Lindernia crustacea L., where the maximum mercury accumulation
occurred in the shoots [46]. Additionally, it was stated that the TF can be influenced by
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various factors, such as plant species, root uptake efficiency, water absorption, element
type, and soil nutrient availability.

The accumulation capacity of B. polystachyon showed that the plant could survive
heavy metal stress up to 200 μM. The root accumulated significantly higher lead (II) than
the shoot, with concentrations of 17.10 ± 0.54 μg/g and 7.78 ± 0.26 μg/g, respectively, at
200 μM and 50 μM. The results also revealed that increasing the concentration of lead (II)
led to a decrease in TF values, suggesting that the plant was less able to transport lead (II)
from the roots into the shoots at higher concentrations. The lowest TF value (0.32) was
found in lead (II) enriched plants, indicating that the majority of the lead (II) remained in
the roots and was not translocated to the shoots. Previous studies have shown that lead (II)
accumulates mostly in the roots, gradually moving to the shoots [79,80]. The study found
that the plant had the potential to accumulate and translocate lead (II) and mercury (II) in
root and shoot. Purohit, et al. [81] and Yan, et al. [82] demonstrated that the transporter
of P1B-type ATPases is involved in the transport of heavy metals from root to shoot. The
results of this study suggest that B. polystachyon is a potential plant for phytoremediation,
even though it accumulates high levels of lead (II) in its roots.

Several studies have shown that lead (II) primarily accumulates in the roots of plants
due to its binding to ion-exchangeable sites on the cell wall, which prevents it from moving
into the cells [83,84]. The present results are consistent with previous studies that have
shown that lead (II) is poorly translocated from root to shoot, likely due to the presence
of a physical barrier in the root zone. Plants have developed effective mechanisms to
deal with high levels of heavy metal exposure, which are dependent on their biochemical
processes. The present findings align with earlier studies conducted by Dinu, et al. [85]
and Youssef [72], indicating that species of the Lamiaceae family, such as Ocimum sp.,
are capable of accumulating heavy metals. Additionally, these plants exhibit a higher
concentration of secondary metabolites, which offer protection against oxidative damage
and prevent cell oxidation. The results suggest that the plant holds promising potential for
utilization in heavy metal remediation purposes.

3.3. Effect of Heavy Metal on the Enhancement of Production of Phenolic Compounds

Table 4 shows the contents of phenolic compounds in the leaves of plants exposed to
heavy metals and the control. Supplementary Figure S1 displays the chromatograms depict-
ing the standard phenolic acids. The results showed that there were significant variations
in the contents of phenolic compounds, depending on their form. These forms included
free, esterified, and glycosylated phenolics. Remarkably, the results suggest that plants
grown in vitro in the presence of heavy metals may increase their production of phenolic
compounds. Quantitative analysis of free, esterified, and glycosylated phenolic compounds
revealed a substantial upregulation in lead (II)-exposed plants. Table 4 illustrates a signifi-
cant increase in the content of free phenolics, which constitute the primary form of phenolic
compounds in plants exposed to lead (II). Rosmarinic acid (30.82 ± 0.31 μg/g DW), caf-
feic acid (25.57 ± 0.54 μg/g DW), gallic acid (16.23 ± 0.43 μg/g DW), and ellagic acid
(10.71 ± 0.22 μg/g DW) were identified as the most abundant free phenolics, whereas
caffeic acid (42.53 ± 0.61 μg/g DW), gallic acid (15.95 ± 0.38 μg/g DW), and rosmarinic
acid (31.13 ± 0.47 μg/g DW) dominated the esterified and glycosylated fractions, respec-
tively (Supplementary Figure S2A–C). In addition to rosmarinic acid, p-coumaric acid
was also found in free and glycosylated forms. Among phenolic fraction, caffeic acid
(42.53 ± 0.61 μg/g DW) emerged as the most predominant phenolic compound, followed
by rosmarinic acid (31.13 ± 0.47 μg/g DW), gallic acid (16.23 ± 0.43 μg/g DW), ellagic
acid (12.86 ± 0.28 μg/g DW), p-coumaric acid (8.04 ± 0.31 μg/g DW), trans-cinnamic acid
(7.57 ± 0.20 μg/g DW), and vanillic acid (0.54 ± 0.7 μg/g DW).
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Table 4. Comparison of phenolic compound content in B. polystachyon leaves under heavy metal
exposure and in control plants.

Phenolic Compound

Hg (II) Pb (II) Control

Free Form
Phenolics

(μg/g DW)

Esterified Form
Phenolics

(μg/g DW)

Glycosylated
Form Phenolics

(μg/g DW)

Free Form
Phenolics

(μg/g DW)

Esterified Form
Phenolics

(μg/g DW)

Glycosylated
Form Phenolics

(μg/g DW)

Free Form
Phenolics

(μg/g DW)

Esterified Form
Phenolics

(μg/g DW)

Glycosylated
Form Phenolics

(μg/g DW)

Gallic acid 5.18 ± 0.56 f 0 ± 0 33.16 ± 0.68 a 16.23 ± 0.43 b 15.95 ± 0.38 bc 0 ± 0 7.46 ± 0.24 d 7.06 ± 0.45 de 15.52 ± 0.20 bc

Caffeic acid 0 ± 0 0 ± 0 18.51 ± 0.44 c 25.57 ± 0.54 b 42.53 ± 0.61 a 5.98 ± 0.37 d 0 ± 0 0 ± 0 0 ± 0

Vanillic acid 77.74 ± 1.08 c 1959.1 ± 3.66 a 0 ± 0 0 ± 0 0.54 ± 0.07 d 0 ± 0 143.57 ± 1.7 b 0 ± 0 0 ± 0

p-Coumaric acid 0 ± 0 0 ± 0 2.13 ± 0.15 b 8.04 ± 0.31 a 0 ± 0 0.94 ± 0.05 c 0 ± 0 0 ± 0 0 ± 0

Ellagic acid 213.55 ± 2.11 a 14.94 ± 0.35 b 7.17 ± 0.22 e 10.71 ± 0.22 d 12.86 ± 0.28 c 4.45 ± 0.17 f 0 ± 0 0 ± 0 0 ± 0

Rosmarinic acid 0 ± 0 187.72 ± 1.22 a 45.09 ± 0.78 b 30.82 ± 0.45 cd 0 ± 0 31.13 ± 0.47 cd 0 ± 0 0 ± 0 0 ± 0

Trans-cinnamic acid 33.046 ± 0.69 c 9.30 ± 0.66 e 33.32 ± 0.32 c 7.57 ± 0.20 f 1.61 ± 0.12 g 2.15 ± 0.11 f 11.52 ± 0.29 d 82.31 ± 1.13 b 207.74 ± 1.45 a

Values represent mean ± SE of 3 replicates per experiment, with each experiment repeated three times. Mean
followed by the same letter is not significantly different (p ≤ 0.05) using Duncan’s multiple range test.

In plants exposed to mercury (II), vanillic acid was the most abundant phenolic
compound, followed by ellagic acid, rosmarinic acid, trans-cinnamic acid, gallic acid,
caffeic acid, and p-coumaric acid (Supplementary Figure S3). The esterified phenolics
were the most abundant, followed by the glycosylated form and then the free form
(Table 4). Within the esterified phenolics, vanillic acid exhibited the highest concentra-
tion (1959.1 ± 3.66 μg/g DW), followed by rosmarinic acid (187.72 ± 1.22 μg/g DW).
Lower concentrations were observed for trans-cinnamic acid (9.30 ± 0.66 μg/g DW)
and ellagic acid (14.94 ± 0.35 μg/g DW) (Supplementary Figure S3B). In the free phe-
nolic compounds, ellagic acid emerged as the most abundant with a concentration of
213.55 ± 0.15 μg/g DW, followed by vanillic acid (77.74 ± 1.08 μg/g DW). Trans-cinnamic
acid and gallic acid were also present but at lower concentrations of 33.046 ± 0.69 μg/g DW
and 5.183 ± 0.56 μg/g DW, respectively (Supplementary Figure S3A). The glycosylated
form exhibited the highest phenolic compound diversity, identifying a total of six pheno-
lic acids, including rosmarinic acid (45.09 ± 0.78 μg/g DW), trans-cinnamic acid (33.32
± 0.32 μg/g DW), gallic acid (33.16 ± 0.68 μg/g DW), caffeic acid (18.51 ± 0.44 μg/g
DW), ellagic acid (7.17 ± 0.22 μg/g DW), and p-coumaric acid (2.13 ± 0.15 μg/g DW)
(Supplementary Figure S3C). In the free and glycosylated forms, rosmarinic acid emerged
as the predominant phenolic compound, with the exception of the esterified form, where
ellagic acid was present. Notably, p-coumaric acid was exclusively detected in its gly-
cosylated form. These findings are consistent with previous research, which has shown
that plants grown in media containing heavy metals accumulate higher levels of phenolic
acids [86,87].

Mercury (II) was the most effective metal in stimulating the production of vanillic acid,
ellagic acid and rosmarinic acid, whereas lead (II)-induced plants exhibited different types
of phenolic compounds, with similar concentrations of some phenolic acids. The results
suggest that the decrease in the amount of trans-cinnamic acid that plants accumulate may
be attributed to their exposure to lead (II) and mercury (II), which is a precursor to other
phenolic compounds. Therefore, its reduction may have led to a decrease in the production
of these compounds, including caffeic acid and p-coumaric acid. The findings of this study
suggest that heavy metal exposure can lead to an increase in the production of phenolic
compounds in plants which could be an adaptive response that helps plants to protect
themselves from the harmful effects of heavy metals.

Mercury (II) exposure significantly enhanced the synthesis of gallic acid, vanillic
acid, ellagic acid, rosmarinic acid and trans-cinnamic acid in B. polystachyon plantlets.
Interestingly, lead (II) exposure resulted in lower levels of these phenolic compounds
compared to mercury (II) treatment, with the exception of caffeic acid and p-coumaric
acid, even though both metals induce the biosynthesis of phenolic acid. Lead (II)-induced
plants exhibited a diverse range of phenolic compounds, although some phenolic acids
were found in similar concentrations. The present findings are in line with earlier research,
suggesting that elicitors, known for triggering an immune response in plants, can also
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enhance the production of phenolic compounds [88,89]. Kisa, et al. [90] demonstrated
that heavy metal stress can alter the expression of genes involved in the production of
phenylpropanoids, leading to the accumulation of large amounts of phenolic acids in
stressed plants. To the best of our knowledge, this is the first report to establish that
heavy metal stress significantly increases the accumulation of phenolic compounds in
B. polystachyon.

In the control plants, the glycosylated form emerged as the predominant type of
phenolic compound. Notably, trans-cinnamic acid (207.74 ± 1.45 μg/g DW) and gallic
acid (15.52 ± 0.20 μg/g DW) were identified as the major compounds within this form
(Supplementary Figure S4C). Comparatively, the free form of phenolics was found in
lower concentrations than the glycosylated form, as outlined in Table 4. In the free form,
vanillic acid (143.57 ± 1.7 μg/g DW), trans-cinnamic acid (11.52 ± 0.29 μg/g DW), and
gallic acid (7.46 ± 0.24 μg/g DW) were detected (Supplementary Figure S4A), whereas
the esterified form contained trans-cinnamic acid (82.31 ± 1.13 μg/g DW) and gallic acid
(7.06 ± 0.45 μg/g DW) (Supplementary Figure S4B). Trans-cinnamic acid remained the ma-
jor phenolic compound in both the esterified and glycosylated forms, whereas vanillic acid
dominated the free form. Notably, the results indicated an increase in vanillic acid content
in plants exposed to heavy metals compared to the control. This phenomenon could be
attributed to the upregulation of enzymes involved in the conversion of benzoic acid to
vanillic acid under stressful environmental conditions [91]. The results of this study are in
line with the previous report on Zea mays L. plants where the content of vanillic acid in-
creased with exposure to mercury (II) and lead (II) [90]. It is worth noting that cinnamic acid
and its derivatives have applications in the pharmaceutical industry [92]. Previous research
has demonstrated that rosmarinic acid processes anti-inflammatory, antiviral, antibacterial,
antioxidant, and antimutagenic properties [93–95]. Caffeic acid has been identified as an
anti-inflammatory agent [96], and a study conducted on diabetic mice in 2009 found that it
could potentially combat diabetes and increase blood insulin levels [97,98]. Vanillic acid
is used as a flavoring agent and also exhibits beneficial biological activities, particularly
in chemo-protection, anti-inflammation, and antimicrobial activities [99]. The identified
phenolic compounds from this study have the possibility for beneficial applications in the
pharmaceutical and cosmetic industries.

4. Conclusions

To the best of our knowledge, this is the first report that presents a novel and promising
approach for regenerating B. polystachyon in vitro in the presence of mercury (II) and
lead (II). It establishes the plant’s capacity to efficiently accumulate, translocate, and adapt
to these heavy metal contaminants. The findings of this study suggest that B. polystachyon
may have the potential for heavy metal remediation, emphasizing the need for further
investigation. Furthermore, the study highlights the plant’s response to heavy metal
stress, which triggers an increase in the accumulation of various phenolic compounds,
such as gallic acid, caffeic acid, vanillic acid, p-coumaric acid, ellagic acid, and rosmarinic
acid. Based on the findings of the present study, it can be concluded that B. polystachyon
possesses substantial potential for the large-scale production of a diverse range of phenolic
compounds, with promising applications in various industries.
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