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Abstract: Morus alba L. is used for a range of therapeutic purposes in Asian traditional medicine,
and its extracts are reported to be effective against lipidemia, diabetes, and obesity, as well as be-
ing hepatoprotective and tyrosinase-inhibitory. They are also included in cosmetic products as
anti-aging and skin-whitening agents. Stilbenes, the major bioactive compounds found in M. alba,
have received renewed attention recently because of their putative activity against COVID-19. In
this study M. alba plants were established in vitro, and the effect of elicitation on plant growth and
stilbene accumulation, specifically oxyresveratrol and trans-resveratrol, was investigated. Different
concentrations of the elicitors including methyl jasmonate and cyclodextrins were applied, and
stilbene levels were determined in leaves, roots, and the culture medium. Elicitation of the M. alba
plants with 5 mM cyclodextrins, alone or in combination with 10 µM methyl jasmonate, significantly
increased the total phenolic content in the culture medium and leaves after 7 days of treatment. The
higher total phenolic content in the roots of control plants and those treated only with methyl jas-
monate indicated that cyclodextrins promoted metabolite release to the culture medium. Notably, the
cyclodextrin-treated plants with the highest levels of oxy- and trans-resveratrol also had the highest
total phenolic content and antioxidant capacity. These results indicate that elicited M. alba in vitro
plants constitute a promising alternative source of bioactive stilbenes to supply pharmaceutical and
cosmeceutical industries.

Keywords: cyclodextrins; in vitro plants; methyl jasmonate; Morus alba; oxyresveratrol; resveratrol

1. Introduction

Morus alba is an economically important arboreal species of the family Moraceae.
Widely cultivated in India, China, and other Asian countries, its leaves are used to feed silk-
worms and livestock [1,2]. Interest in M. alba has been increasing due to the wide-ranging
health effects of its bioactive compounds. These are mainly secondary metabolites that
protect the plant against environmental stress and are required for growth and develop-
ment [3,4]. M. alba is particularly rich in phenolic compounds, which are found in leaves,
stems and roots. Flavonoids are predominant (57.8%), followed by benzofurans (17.9%),
phenolic acids (10.7%), coumarins (3.6%), chalcones (2.9%) and stilbenes (0.7%) [5].

Due to their antioxidant and anti-inflammatory activity, phenolic compounds have
a wide variety of therapeutic effects including the prevention and treatment of cancer,
obesity, diabetes, and liver, neurodegenerative, immunological, and cardiovascular dis-
eases [6–8]. Despite containing a low proportion of stilbenes, mainly resveratrol and its
derivative oxyresveratrol (Figure 1), M. albus has proved to be a promising source of
these bioactive compounds for the health product industry. Pharmacological properties
reported for stilbenes include anti-lipidemic [5], anti-diabetes [9], hepatoprotective [10],
anti-obesity [11], and anti-tyrosinase effects [12]. In addition, due to their antioxidant
activity, these metabolites are used as active ingredients in anti-aging and skin-whitening
cosmetic products [13–16]. Moreover, stilbene-based natural compounds have recently
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been postulated as promising drug candidates against COVID-19 and other emerging
respiratory viral infections [17,18].

Figure 1. Biosynthetic pathway of resveratrol, oxyresveratrol, and mulberoside A.

The production and accumulation of these valuable secondary metabolites in white
mulberry trees is limited by environmental, geographic, or seasonal factors [19]. In contrast,
plant in vitro culture systems with controllable conditions can provide a reliable and con-
tinuous supply of target compounds, especially when combined with elicitation strategies.
Stilbene biosynthesis can be enhanced by different biotic and abiotic elicitors, which induce
the expression of key biosynthetic genes [20,21]. For example, stilbene production in Vitis
vinifera L. has been increased by the application of signaling molecules such as methyl
jasmonate (MJ) [22]. Elicitation with jasmonates activates defense mechanisms in plant
cell cultures, involving a reprogramming of gene expression that induces stilbene produc-
tion [23,24]. Our group has established a biotechnological method to increase the produc-
tion of trans-resveratrol based on the elicitation of Vitis cell cultures with β-cyclodextrins
(CDs) (Patent WO2010049563 A1; [25–27]). CDs also modified the expression profile of
stilbene biosynthetic genes in V. vinifera cells [28,29]. Therefore, as well as sequestering and
secreting metabolites, allowing them to be harvested from aqueous media without biomass
destruction, CDs can activate their biosynthesis [30]. Additionally, CDs and MJ applied
together exerted a synergistic effect on the biosynthesis of resveratrol and indole alkaloids
in V. vinifera and Catharanthus roseus cell cultures, respectively, the enhanced production
being highly correlated with an upregulation of biosynthetic genes [24,25].

Elicited M. alba in vitro cultures have also proved to be effective stilbene-producing
systems [31–33], with the highest levels of mulberroside A, oxyresveratrol and resveratrol
achieved in M. alba root cultures treated with MJ plus yeast extract [32]. The same treat-
ment also improved the production of all three stilbenes in immobilized M. alba cells [33].
Oxyresveratrol and resveratrol production in M. alba callus cultures was increased by the
application of 2-hydroxypropyl-β-CDs [34]. These results indicate that M. alba in vitro cul-



Plants 2023, 12, 546 3 of 11

tures can produce stilbenoids and have the potential to be developed into industrial-scale
production systems.

In the light of the above, the aim of the present work was to study the effect of CDs
and/or MJ on the accumulation of stilbenes in M. alba plants cultured in vitro. Additionally,
the antioxidant capacity of extracts enriched in bioactive compounds obtained from the
elicited M. alba cultures was evaluated.

2. Results and Discussion
2.1. Effect of Elicitors on Growth of M. alba In Vitro Plants

The growth pattern of M. alba in vitro plants in the presence of elicitors (50 mM CDs,
100 µM MJ, separately or in combination) was studied for 21 days (Figure 2). As shown
in Figure 2, elicitation with CDs and/or MJ provoked a clearly phytotoxic effect in plant
growth, with a significant reduction in leaf and root development with respect to the control
at days 7, 14 and 21 of treatment.

Figure 2. Effect of 50 mM cyclodextrins (CDs) and 100 µM methyl jasmonate (MJ), applied jointly or
separately, on the growth (a) and biomass accumulation (b) of Morus alba in vitro plants at 7, 14 and
21 days of elicitation.

In agreement with our results, Shabania et al. [35] reported that 2 mM MJ applied
to Glycyrrhiza glabra in vitro cultures provoked a significant decrease in growth at 24 h,
possibly because direct exposure to MJ at this concentration in the culture medium was toxic
for root growth. At concentrations higher than 10 µM, MJ also reduced root or shoot growth
in other species such as Panax, Centella, Bupleurum and Bacopa monnieri [36–39]. Similarly,
MJ reprograms secondary metabolism and inhibits growth in plant cell cultures [24], which
may be the result of metabolic competition between defense- and growth-related processes
in response to elicitation [40,41].

2.2. Effect of Elicitors on the Total Phenolic Content in the Culture Medium of M. alba
In Vitro Plants

The TPC of M. alba in vitro cultures was determined using the Folin–Ciocalteu method.
Thus, after elicitation with 50 mM CDs and/or 100 µM MJ, the extraction and quantification
of the TPC was carried out in the culture medium. ANOVA analysis showed that the TPC
was strongly influenced by the treatment with CDs or CDMJ and time of elicitation, all
differences being significant with a p-value < 0.001. As shown in Figure 3, the TPC of the
culture medium did not differ significantly between control and MJ-treated plants, reaching
maximum values at 21 days of treatment (15.87 ± 4.45 and 16.39 ± 2.32 mg of gallic acid
equivalents (GAE)/L, respectively). In contrast, CDs and CDs + MJ induced a progressive
increase in the TPC of the medium, which at its highest (also at day 21) was 11.5- and
16.8-fold greater compared to the control (184.04 ± -37.55 and 267.68 ± 51.30 mg GAE/L,
respectively, Figure 3).
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Figure 3. Effect of 50 mM cyclodextrins (CDs) and 100 µM methyl jasmonate (MJ), separately or
in combination (CDMJ), on total extracellular phenolic compounds in M. alba in vitro plants after
7, 14 and 21 days of elicitation. Bars represent data expressed as mg gallic acid equivalent (GAE)
/L. Letters denote statistically significant differences between the treatments at each elicitation time
according to the Tukey test (p < 0.05). Figure shows F-values from two-way ANOVA significant at
the 99.9% (***) level of probability.

An enhancing effect of CDs on extracellular phenolic compounds has been reported in
other plant in vitro cultures. For example, elicitation with 50 mM CDs increased the culture
medium content of vanillin, trans-resveratrol and total phenolic compounds in Daucus
carota, V. vinifera and Bryophyllum houghtonii cultures, respectively [23,42,43]. Treatment
with elicitors increases intracellular production of secondary metabolites by triggering
a defense response in the plant cell, whereas extractive sequestration by CDs promotes
metabolite accumulation in the culture medium. The significant increase in extracellular
TPC observed in the present study in CD-treated cultures was likely due to the ability of
CDs to host highly hydrophobic molecules in the culture medium.

2.3. Stilbene Accumulation in the Culture Medium of Elicited M. alba In Vitro Plants

As shown in Table 1, the major stilbenes identified by HPLC in the culture medium of
M. alba in vitro plants elicited with 50 mM CDs and/or 100 µM MJ were oxy- and trans-
resveratrol (Table 1). Levels of oxyresveratrol differed significantly (p < 0.001) according to
the time and type of elicitation, reaching a maximum when the plants were elicited with
CDs alone (5621.95 ± 502.48 µg/L) or in combination with MJ (7738.85 ± 1624.53 µg/L) at
day 21, with no significant differences between the two treatments (Table 1). These levels
were 11.3-fold higher compared to the treatment with MJ alone (682.70 ± 13.98 µg/L),
which suggests that the release of oxyresveratrol into the culture medium was favored by
the formation of inclusion complexes with CDs. In contrast, trans-resveratrol was only
detected in the culture medium supplemented with 50 mM CDs, alone or in combination
with 100 µM MJ (109.30 ± 15.97 µg/L and 246.39 ± 18.26 µg/L, respectively), with the
levels increasing throughout the experiment until day 21 of elicitation. Therefore, CDs
also promoted the release of trans-resveratrol into the extracellular medium, although the
amounts obtained were far lower compared to oxyresveratrol (Table 1).
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Table 1. Levels of oxy- and trans-resveratrol in the culture medium of M. alba in vitro plants elicited
with 50 mM cyclodextrins (CDs) and/or 100 µM methyl jasmonate (MJ) after 7, 14 and 21 days of
treatment. Different letters indicate a significant difference between the means in each treatment
(p < 0.05 by post hoc Tukey’s test). nd: not detected.

Elicitation time
(d) Treatment oxyresveratrol

(µg/L)
trans-resveratrol

(µg/L)

7

Control nd nd
MJ 162.63 ± 37.71 b nd
CD 948.56 ± 146.81 b nd

CDMJ 4180.48 ± 1552.17 a 62.24 ± 18.99

14

Control 103.27 ± 9.98 c nd
MJ 323.52 ± 139.80 c nd
CD 3301.93 ± 392.78 b 40.03 ± 8.22 a

CDMJ 9542.87 ± 230.82 a 47.69 ± 3.16 a

21

Control nd nd
MJ 682.70 ± 13.98 b nd
CD 5621.95 ± 502.48 a 109.30 ± 15.97 b

CDMJ 7738.85 ± 1624.53 a 246.39 ± 13.26 a

2.4. Effect of Different Elicitor Concentrations on the Growth of M. alba In Vitro Plants

In view of the phytotoxic effect of the treatments (50 mM CDs and/or 100 µM MJ) on
the growth of the M. alba cultures (Figure 2), a new elicitation experiment was designed
with lower concentrations to avoid compromising the survival of the in vitro plants. Thus,
the plant cultures were elicited with CDs (5, 12.5 and 25 mM) and MJ (10, 25 and 50 µM)
for 7 days. Only the lowest amounts of CDs (5 mM) and MJ (10 µM) had no apparent
phytotoxic effects, which increased with concentration (data not shown). For this reason,
all experiments were carried out in M. alba in vitro plants elicited with 5 mM CDs and
10 µM MJ, separately or in combination. After 7 days of treatment a significant increase in
growth with respect to 0 h was only observed in the control and MJ-treated plants, whose
fresh weight (FW) increased by 106 and 71%, respectively (Figure 4a). Plants treated with
CDs or CDs + MJ showed no significant differences at 7 days compared to 0 h (Figure 4a),
except for a lower development of the root system that was more pronounced with the
combined treatment (Figure 4b). Therefore, although the lower elicitor concentrations did
not have a cytotoxic effect on M. alba in vitro plants, growth was inhibited after 7 days of
elicitation compared to the control, especially in the presence of CDs.

Figure 4. Effect of 5 mM of cyclodextrins (CDs) and/or 10 µM of methyl jasmonate (MJ) on the fresh
weight (FW) (a) and growth (b) of M. alba in vitro plants. T=0 h: weight of in vitro plants before
elicitor treatment. Different letters denote significant differences between treatments (p < 0.05 by post
hoc Tukey’s test).
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2.5. Effect of 5 mM CDs and/or 10 µM MJ on Total Phenolic Content in Elicited M. alba
In Vitro Plants

Compared to the control, the TPC was significantly higher both in the culture medium
(Table 2a) and leaves (Table 2b) of M. alba in vitro plants treated with CDs or CDs + MJ. Thus,
an approximately 5-fold increase in TPC was observed in the culture medium after elicita-
tion with 5 mM CDs or 5 mM CDs + 10 µM MJ (33.483± 4.49 and 34.128 ± 2.26 mg GAE/L,
respectively) compared to the control (5.65 ± 0.72 mg GAE/L). Likewise, a higher TPC
was found in CD-treated leaves (2112.79 ± 174.22 µg EAG/g FW) than in the control
(259.91 ± 16.18 µg GAE/g FW). The 10 µM MJ treatment increased the TPC in the culture
medium, but always to a lesser extent than 5 mM CDs (Table 2a). Furthermore, no signifi-
cant differences in the TPC of leaves and roots were detected between the 10 µM MJ and
control treatments (Table 2b). Once again, the results indicate that the increase in TPC in
the culture medium was due to sequestering and secretion activity of CDs, which favored
extracellular metabolite accumulation. In contrast, the highest TPC in roots was obtained
with the control and MJ treatments (1148.63 ± 228.83 and 1325.79 ± 249.13 µg GAE/g FW,
respectively), with no significant differences between them.

Table 2. Total phenolic (TPC) and oxy- and trans-resveratrol content and antioxidant capacity in the
culture medium (a) and leaves and roots (b) of M. alba in vitro plants elicited with 5 mM CD, 10 µM
MJ or both (CDMJ) for 7 days. Different letters denote a significant difference between the means in
each treatment (p < 0.05 by post hoc Tukey’s test). nd: not detected.

(a) Treatment mgGAE/L µg
Oxyresveratrol/L mM Trolox/L

Culture media

Control 5.65 ± 0.72 c nd 65.84 ± 4.10 d

MJ 10.62 ± 1.48 b nd 160.27 ± 20.57 c

CD 34.13 ± 2.26 a 231.66 ± 78.63 b 684.49 ± 55.39 a

CDMJ 33.48 ± 4.49 a 316.98 ± 13.83 a 486.70 ± 4.45 b

(b) Treatment µgGAE/gFW
µg

Oxyresveratrol/g
FW

mM Trolox/g FW

Leaves

Control 259.91± 16.18 b nd 10.07 ± 2.36 c

MJ 362.69 ± 31.41 b nd 4.91 ± 0.59 d

CD 2112.79 ± 174.22 a 16.90 ± 3.43 a 23.26 ± 1.89 b

CDMJ 1818.20 ± 414.94a 20.70 ± 6.29 a 28.70 ± 2.29 a

Roots

Control 1148.83 ± 228.83 a nd 35.76 ± 3.90 a

MJ 1325.79 ± 249.13 a nd 30.26 ± 2.23 a.b

CD 738.40 ± 232.09 b nd 1.86 ± 0.13 c

CDMJ 122.10 ± 22.76 c nd 25.70 ± 9.82 b

The antioxidant capacity (expressed as Trolox equivalents) in M. alba in vitro plants
treated with 5 mM CDs and/or 10 µM MJ for 7 days was also measured. As shown in
Table 2, the treatments that resulted in the highest TPC in the culture medium and leaves
(CDs or CDs + MJ) were also associated with the highest antioxidant capacity (Table 2a,b).
In roots, the antioxidant activity was also correlated with the highest TPC, obtained with
the control and MJ treatments (Table 2b).

In agreement with these results, CDs have been reported to increase the extracellular
antioxidant activity in Bryophyllum cell cultures during elicitation, until at day 9 it was 16-
fold higher compared to the control treatment [43]. Moreover, the changes were correlated
with an increase in the TPC. In a study with V. vinifera cell cultures, Almagro et al. [44]
found that elicitation with CDs + MJ increased both the intra- and extracellular TPC, and the
latter followed the same pattern as the antioxidant activity values. The molecular structure
of CDs allows the formation of inclusion complexes with a wide range of molecules,
including phenolic compounds [23,43,44]. The complexation of phenolic compounds with
CDs not only improves their stability in the culture medium, but also protects them from
degradation, which explains the higher extracellular antioxidant activity values found in
CD-elicited M. alba in vitro plants.
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At the end of the 7-day elicitation experiment, extracellular oxyresveratrol and trans-
resveratrol were only detected in the CD-treated plants (Table 2a), whose leaves also
contained both stilbenes but at lower levels (Table 2b); neither stilbene was found in roots
(Table 2b). Notably, in both leaves and culture medium, the accumulation of oxyresveratrol
was higher compared to its precursor, trans-resveratrol, which undergoes hydroxylation to
produce oxyresveratrol. Komaikul et al. [34] reported that treatment with 2-hydroxypropyl-
β-CDs increased the accumulation of oxyresveratrol and resveratrol in the culture medium
of free M. alba callus compared to the control (730- and 43-fold, respectively). In an
elicitation experiment with M. alba root cultures [32], the highest levels of oxyresveratrol
(68.6 ± 3.53 µg/g dry weight (DW)) and resveratrol (10.2 ± 0.53 µg/g DW) were obtained
using 200 µM MJ and 2 mg/mL yeast extract. In a previous study with M. alba immobilized
cells [33], elicitation with 50 µM MJ and 0.5 mg/mL yeast extract for 72 h also triggered
an increase in resveratrol and oxyresveratrol, which reached levels of 140 and 65 µg/g
DW, respectively. In all cases, the production of oxyresveratrol was higher than that of
resveratrol, as in the present study. Therefore, the elicitation of M. alba in in vitro cultures
activates the phenylpropanoid pathway leading to the biosynthesis of stilbenes such as
oxyresveratrol and resveratrol. Furthermore, the presence of CDs promotes not only the
production of these metabolites but also their accumulation in the extracellular medium.

3. Materials and Methods
3.1. Plant Materials

Morus alba cv. Cristiana was kindly provided by Dr. José Luis Cenis from the Instituto
Murciano de Investigaciones Agrarias y Alimentarias (IMIDA), Spain. Under aseptic condi-
tions, young branches containing at least 5 axillary buds were immersed in 70% ethanol
for 1 min and surface-disinfected with 20% sodium hypochloride solution containing 0.1%
Tween 20 for 15 min. After removing the disinfectant agent, vegetative nodal segments
were deposited on Murashige and Skoog (MS) basal medium [45] supplemented with
250 mg/L of casein hydrolysate, 30 g/L of sucrose, Morel’s vitamins [46], and 8 g/L agar
at 6 pH. The glass tubes containing the nodal segments were kept at 25 ◦C under a 16 h
light/8 h dark photoperiod with a photon flux density of 85 µmol m2/s, and a relative
humidity of 60 ± 2%. In vitro plants were maintained by vegetative multiplication in the
agar-solidified medium described above.

3.2. Elicitation Treatments of M. alba In Vitro Plants

Joint elicitation with 100 µM MJ and 50 mM CDs has been described as an ef-
fective strategy to increase secondary metabolite production in various plant cell cul-
tures [23,24,26,47,48]. Thus, to evaluate the effect of this treatment on stilbene production
in M. alba, the plants were treated with 50 mM CDs and/or 100 µM MJ, using the culture
medium described above without agar. CDs were added to the culture medium before
autoclaving, whereas MJ was sterilized by filtration, dissolved in ethanol, and added to
the medium after autoclaving. Nodal segments of in vitro plants, which contained at least
2 leaves, were elicited for 7, 14 or 21 days to determine the optimal elicitation time. After
each elicitation period, the culture medium was separated from the in vitro plants and the
following parameters were determined: volume of spent medium and fresh weight (FW).
All experiments were performed in quadruplicate.

Optimization of Stilbene Production in M. alba In Vitro Plants Treated with Cyclodextrins
and Methyl Jasmonate

To optimize stilbene production, M. alba in vitro plants were elicited with 5 mM CD
and/or 10 µM MJ, and maintained at the aforementioned temperature, photoperiod and
humidity for 7 days, after which stilbenes were extracted from the spent medium, leaves
and roots. All experiments were performed in quadruplicate.
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3.3. Extraction of Stilbenes

Stilbenes were extracted from the elicited culture medium by phase partitioning
with ethyl acetate (1:1, v/v) as described by Sabater-Jara and Pedreño [27]. To extract the
metabolites from plant material (leaves and roots), 100 mg (FW) was homogenized with
80% methanol (1:4, w/v) for 30 min at 80 ◦C and the samples were centrifuged at 13.000× g
for 5 min. This process was repeated twice. The methanol was then evaporated in vacuum
as described by Sabater-Jara and Pedreño [27]. The dry extract was dissolved in 1 mL
methanol for chromatographic analysis.

3.4. Identification and Quantification of Stilbenes
3.4.1. Total Phenolic Content

The soluble TPC was determined by the Folin–Ciocalteu method [49]. For quantitative
analysis an external standard calibration curve for gallic acid (assay ≥ 99%; Sigma-Aldrich,
Hamberg, Germany), ranging from 0.01 to 10 µg/mL, was used. The calibration curve was
y = 0.0819x + 0.0004; R2 = 0.999. The results were expressed as GAE per L for the elicited
culture medium or g FW for M. alba leaves and roots.

3.4.2. HPLC-DAD Analysis of Stilbenes

The individual stilbene compounds were analyzed using high-performance liquid
chromatography with diode-array detection (HPLC-DAD) (Jasco LC-Netll/ADC) on a
Zorbax SB-C18 column at room temperature. The mobile phase consisted of solvent A
(acetic acid pH 2.5) and solvent B (acetonitrile), with the following gradient: 0 min, 85%
solvent A; 5 min, 80% solvent A; 10–15 min, 65% solvent A; 17–25 min, 10% solvent A;
and 25–30 min, 65% solvent A; 30–35 min, 85% solvent A. The flow rate was 1 mL/min.
Stilbene identification and quantification was performed using external standard calibra-
tion curves for oxyresveratrol (HPLC ≥ 97%; Sigma-Aldrich, Hamberg, Germany) and
trans-resveratrol (HPLC ≥ 99%; Sigma-Aldrich, Hamberg, Germany). The standard cal-
ibration curves for oxyresveratrol (y = 32425x + 13673; R2 = 0.999) and trans-resveratrol
(y = 80240x + 123593; R2 = 0.997) were prepared using a concentration ranging from 10 to
500 µg/mL and 1 to 50 µg/mL for oxy- and trans-resveratrol, respectively. All experiments
were performed in triplicate.

3.5. Antioxidant Activity

The antioxidant properties of stilbene-enriched extracts from in vitro M. alba plants
were determined using the Trolox equivalent antioxidant capacity (TEAC) method or
ABTS method, in which the effect of stilbene-enriched extracts on the stable free radical
ABTS·+ [2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)] was analyzed as described
by Gandía-Herrero et al. [50,51]. In the TEAC method, Trolox (assay ≥ 99%; Sigma-Aldrich,
Hamberg, Germany) was used as the external standard and the calibration curve was
y = 0.0413x + 0.0584; R2 = 0.9819, ranging from 0 to 12 µM. The antioxidant capacity was
expressed as mM Trolox per L for the elicited culture medium or g FW for leaves and roots.

3.6. Statistical Analysis

An analysis of variance (ANOVA) was tested by Tukey’s honestly significant difference
test using the Statistical Package for the Social Sciences software version 22 (SPSS Inc.,
Chicago, IL, USA). Differences were considered statistically significant at p < 0.05.

4. Conclusions

In this study of bioactive compound production in M. alba in vitro plants, elicitation
with 5 mM CDs alone or in combination with 10 µM MJ resulted in a significant increase
in TPC in both the culture medium and leaves after 7 days of treatment, without compro-
mising plant viability. The TPC of roots was higher in the control and MJ-treated plants,
suggesting that CDs promote the release of phenolic compounds biosynthesized in the
roots. By a mechanism of extractive sequestration, CDs allow these highly hydrophobic
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metabolites to accumulate in aqueous culture media. Moreover, the increase in TPC in
M. alba in vitro plants treated with CDs with or without MJ was correlated with an increase
in the antioxidant capacity of the extracts. The bioactive stilbenes oxy- and trans-resveratrol
were found in the culture medium and leaves of M. alba in vitro plants elicited with CDs or
CDs + MJ, but not in the roots. The highest levels of these stilbenes were correlated with
the highest TPC, and antioxidant capacity detected in CD-treated plants. Thus, elicited
M. alba in vitro plants constitute not only an environmentally friendly and sustainable
source of valuable bioactive compounds for biotechnological production, but also the
use of this new protocol could be of interest for studying plant defense mechanisms
in bioprotection.
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flavonoid contents of mulberry (Morus spp. L., Moraceae) extracts. Hem. Ind. 2012, 66, 547–552. [CrossRef]
5. Chan, K.C.; Yang, M.Y.; Lin, M.C.; Lee, Y.J.; Chang, W.C.; Wang, C.J. Mulberry leaf extract inhibits the development of

atherosclerosis in cholesterol-fed rabbits and in cultured aortic vascular smooth muscle cells. J. Agric. Food Chem. 2013, 61,
2780–2788. [CrossRef] [PubMed]

6. Huang, H.J.; Yuan, X.Z.; Zhu, H.N.; Li, H.; Liu, Y.; Wang, X.L.; Zeng, G.M. Comparative studies of thermochemical liquefaction
characteristics of microalgae, lignocellulosic biomass and sewage sludge. Energy 2013, 56, 52–60. [CrossRef]

7. Zafar, M.S.; Muhammad, F.; Javed, I.; Akhtar, M.; Khaliq, T.; Aslam, B.; Zafar, H. White mulberry (Morus alba): A brief
phytochemical and pharmacological evaluations account. Int. J. Agric. Biol. Eng. 2013, 15, 612–620.

8. Chan, C.L.; Gan, R.Y.; Corke, H. The phenolic composition and antioxidant capacity of soluble and bound extracts in selected
dietary spices and medicinal herbs. Int. J. Food Sci. 2016, 51, 565–573. [CrossRef]

9. Jeszka-Skowron, M.; Flaczyk, E.; Jeszka, J.; Krejpcio, Z.; Król, E.; Buchowski, M.S. Mulberry leaf extract intake reduces hypergly-
caemia in streptozotocin (STZ)-induced diabetic rats fed high-fat diet. J. Funct. Foods 2014, 8, 9–17. [CrossRef]

10. Tang, C.C.; Huang, H.P.; Lee, Y.J.; Tang, Y.H.; Wang, C.J. Hepatoprotective effect of mulberry water extracts on ethanol induced
liver injury via anti-inflammation and inhibition of lipogenesis in C57BL/6Jmice. Food Chem. Toxicol. 2013, 62, 786–796. [CrossRef]

11. Peng, C.H.; Liu, L.K.; Chuang, C.M.; Chyau, C.C.; Huang, C.N.; Wang, C.J. Mulberry water extracts possess an anti-obesity effect
and ability to inhibit hepatic lipogenesis and promote lipolysis. J. Agric. Food Chem. 2011, 59, 2663–2671. [CrossRef] [PubMed]

12. Chang, L.W.; Juang, L.J.; Wang, B.S.; Wang, M.Y.; Tai, H.M.; Hung, W.J.; Chen, Y.J.; Huang, M.H. Antioxidant and antityrosinase
activity of mulberry (Morus alba L.) twigs and root bark. Food Chem. Toxicol. 2011, 49, 785–790. [CrossRef]

13. Baxter, R.A. Anti-aging properties of resveratrol: Review and report of a potent new antioxidant skin care formulation. J. Cosmet.
Dermatol. 2008, 7, 2–7. [CrossRef] [PubMed]

14. Boo, Y.C. Human skin lightening efficacy of resveratrol and its analogs: From in vitro studies to cosmetic applications. Antioxidants
2019, 8, 332. [CrossRef] [PubMed]

15. Igielska-Kalwat, J.; Firlej, M.; Lewandowska, A.; Biedziak, B. In vivo studies of resveratrol contained in cosmetic emulsions. Acta
Biochim. Pol. 2019, 66, 371–374. [CrossRef] [PubMed]

16. Ratz-Łyko, A.; Arct, J. Resveratrol as an active ingredient for cosmetic and dermatological applications: A review. J. Cosmet. Laser
Ther. 2019, 21, 84–90. [CrossRef]

http://doi.org/10.9755/ejfa.v26i6.18019
http://doi.org/10.1016/j.fitote.2021.105018
http://doi.org/10.2298/HEMIND111111002R
http://doi.org/10.1021/jf305328d
http://www.ncbi.nlm.nih.gov/pubmed/23428158
http://doi.org/10.1016/j.energy.2013.04.065
http://doi.org/10.1111/ijfs.13024
http://doi.org/10.1016/j.jff.2014.02.018
http://doi.org/10.1016/j.fct.2013.10.011
http://doi.org/10.1021/jf1043508
http://www.ncbi.nlm.nih.gov/pubmed/21361295
http://doi.org/10.1016/j.fct.2010.11.045
http://doi.org/10.1111/j.1473-2165.2008.00354.x
http://www.ncbi.nlm.nih.gov/pubmed/18254804
http://doi.org/10.3390/antiox8090332
http://www.ncbi.nlm.nih.gov/pubmed/31443469
http://doi.org/10.18388/abp.2019_2838
http://www.ncbi.nlm.nih.gov/pubmed/31518087
http://doi.org/10.1080/14764172.2018.1469767


Plants 2023, 12, 546 10 of 11

17. Wahedi, H.M.; Ahmad, S. Stilbene-based natural compounds as promising drug candidates against COVID-19. J. Biomol. Struct.
Dyn. 2021, 39, 3225–3234. [CrossRef]

18. Filardo, S.; Di Pietro, M.; Mastromarino, P.; Sessa, R. Therapeutic potential of resveratrol against emerging respiratory viral
infections. Pharmacol. Ther. 2020, 214, 107613. [CrossRef]

19. Choi, K.H.; Lee, H.A.; Park, M.H.; Han, J.S. Mulberry (Morus alba L.) fruit extract containing anthocyanins improves glycemic
control and insulin sensitivity via activation of AMP-activated protein kinase in diabetic C57BL/Ksj-db/db mice. J. Med. Food
2016, 19, 737–745. [CrossRef]

20. Tassoni, A.; Fornalè, S.; Franceschetti, M.; Musiani, F.; Michael, A.J.; Perry, B.; Bagni, N. Jasmonates and Na-orthovanadate
promote resveratrol production in Vitis vinifera cv. Barbera cell cultures. New Phytol. 2005, 166, 895–906. [CrossRef]

21. Ferri, M.; Tassoni, A.; Franceschetti, M.; Righetti, L.; Naldrett, M.J.; Bagni, N. Chitosan treatment induces changes of protein
expression profile and stilbene distribution in Vitis vinifera cell suspensions. Proteomics 2009, 9, 610–624. [CrossRef]

22. Gutiérrez-Gamboa, G.; Mateluna-Cuadra, R.; Díaz-Gálvez, I.; Mejía, N.; Verdugo-Vásquez, N. Methyl jasmonate applications in
viticulture: A tool to increase the content of flavonoids and stilbenes in grapes and wines. Horticulturae 2021, 7, 133. [CrossRef]

23. Belchí-Navarro, S.; Almagro, L.; Lijavetzky, D.; Bru, R.; Pedreño, M.A. Enhanced extracellular production of trans-resveratrol in
Vitis vinifera suspension cultured cells by using cyclodextrins and methyljasmonate. Plant Cell Rep. 2012, 31, 81–89. [CrossRef]

24. Almagro, L.; Carbonell-Bejerano, P.; Belchí-Navarro, S.; Bru, R.; Martínez-Zapater, J.M.; Lijavetzky, D.; Pedreño, M.A. Dissecting
the transcriptional response to elicitors in Vitis vinifera cells. PLoS ONE 2014, 9, e109777. [CrossRef] [PubMed]

25. Almagro, L.; Gutierrez, J.; Pedreño, M.A.; Sottomayor, M. Synergistic and additive influence of cyclodextrins and methyl
jasmonate on the expression of the terpenoid indole alkaloid pathway genes and metabolites in Catharanthus roseus cell cultures.
Plant Cell Tiss. Org. Cult. 2014, 119, 543–551. [CrossRef]

26. Sabater-Jara, A.B.; Onrubia, M.; Moyano, E.; Bonfill, M.; Palazón, J.; Pedreño, M.A.; Cusidó, R.M. Synergistic effect of cyclodextrins
and methyl jasmonate on taxane production in Taxus x medium cell cultures. Plant Biotechnol. J. 2014, 12, 1075–1084. [CrossRef]
[PubMed]

27. Sabater-Jara, A.B.; Pedreño, M.A. Use of β-cyclodextrins to enhance phytosterol production in cell suspension cultures of carrot
(Daucus carota L.). Plant Cell Tissue Organ Cult. 2013, 114, 249–258. [CrossRef]

28. Lijavetzky, D.; Almagro, L.; Belchi-Navarro, S.; Martínez-Zapater, J.M.; Bru, R.; Pedreño, M.A. Synergistic effect of methyljas-
monate and cyclodextrin on stilbene biosynthesis pathway gene expression and resveratrol production in Monastrell grapevine
cell cultures. BMC Res Notes 2008, 1, 132. [CrossRef]

29. Almagro, L.; Belchí-Navarro, S.; Martínez-Márquez, A.; Bru, R.; Pedreño, M.A. Enhanced extracellular production of trans-
resveratrol in Vitis vinifera suspension cultured cells by using cyclodextrins and coronatine. Plant Physiol. Biochem. 2015, 97,
361–367. [CrossRef]

30. Almagro, L.; García-Pérez, P.; Belchí-Navarro, S.; Sánchez-Pujante, P.J.; Pedreño, M.A. New strategies for the use of Linum
usitatissimum cell factories for the production of bioactive compounds. Plant Physiol. Biochem. 2016, 99, 73–78. [CrossRef]

31. Komaikul, J.; Mangmool, S.; Putalun, W.; Kitisripanya, T. preparation of readily-to-use stilbenoids extract from Morus alba callus
using a natural deep eutectic solvent. Cosmetics 2021, 8, 91. [CrossRef]

32. Inyai, C.; Yusakul, G.; Komaikul, J.; Kitisripanya, T.; Likhitwitayawuid, K.; Sritularak, B.; Putalun, W. Improvement of stilbene
production by mulberry Morus alba root culture via precursor feeding and co-elicitation. Bioprocess Biosyst. Eng. 2021, 44, 653–660.
[CrossRef] [PubMed]

33. Inyai, C.; Boonsnongcheep, P.; Komaikul, J.; Sritularak, B.; Tanaka, H.; Putalun, W. Alginate immobilization of Morus alba L. cell
suspension cultures improved the accumulation and secretion of stilbenoids. Bioprocess Biosyst. Eng. 2019, 42, 131–141. [CrossRef]
[PubMed]

34. Komaikul, J.; Kitisripanya, T.; Likhitwitayawuid, K.; Sritularak, B.; Tanaka, H.; Putalun, W. Improvement of stilbenoid production
by 2-hydroxypropyl-β-cyclodextrin in white mulberry (Morus alba L.) callus cultures. Nat. Prod. Res. 2019, 33, 2762–2769.
[CrossRef] [PubMed]

35. Shabani, L.; Ehsanpour, A.A.; Asghari, G.; Emami, J. Glycyrrhizin production by in vitro cultured Glycyrrhiza glabra elicited by
methyl jasmonate and salicylic acid. Russ. J. Plant Physiol. 2009, 56, 621–626. [CrossRef]

36. Sharma, P.; Yadav, S.; Srivastava, A.; Shrivastava, N. Methyl jasmonate mediumtes upregulation of bacoside A production in
shoot cultures of Bacopa monnieri. Biotechnol. Let. 2013, 35, 1121–1125. [CrossRef] [PubMed]

37. Aoyagi, H.; Kobayashi, Y.; Yamada, K.; Yokoyama, M.; Kusakari, K.; Tanaka, H. Efficient production of saikosaponins in Bupleurum
falcatum root fragments combined with signal transducers. Appl. Microbiol. Biotechnol. 2001, 57, 482–488. [PubMed]

38. Lu, M.B.; Wong, H.L.; Teng, W.L. Effects of elicitation on the production of saponin in cell cultures of Panax ginseng. Plant Cell Rep.
2001, 20, 674–677. [CrossRef]

39. Mangas, S.; Bonfill, M.; Osuna, L.; Moyano, E.; Tortoriello, J.; Cusido, R.M.; Palazón, J. The effect of methyl jasmonate on
triterpene and sterol metabolisms of Centella asiatica, Ruscus aculeatus and Galphimia glauca cultured plants. Phytochemistry 2006,
67, 2041–2049. [CrossRef] [PubMed]

40. Fiorucci, A.S. To Grow or Defend? More on the Plant Cornelian Dilemma. Plant Physiol. 2020, 183, 437–438. [CrossRef]
41. Pauwels, L.; Morreel, K.; De Witte, E.; Lammertyn, F.; Van Montagu, M.; Boerjan, W.; Inze, D.; Goossens, A. Mapping methyl

jasmonate-mediumted transcriptional reprogramming of metabolism and cell cycle progression in cultured Arabidopsis cells.
Proc. Natl. Acad. Sci. USA 2008, 105, 1380–1385. [CrossRef]

http://doi.org/10.1080/07391102.2020.1762743
http://doi.org/10.1016/j.pharmthera.2020.107613
http://doi.org/10.1089/jmf.2016.3665
http://doi.org/10.1111/j.1469-8137.2005.01383.x
http://doi.org/10.1002/pmic.200800386
http://doi.org/10.3390/horticulturae7060133
http://doi.org/10.1007/s00299-011-1141-8
http://doi.org/10.1371/journal.pone.0109777
http://www.ncbi.nlm.nih.gov/pubmed/25314001
http://doi.org/10.1007/s11240-014-0554-9
http://doi.org/10.1111/pbi.12214
http://www.ncbi.nlm.nih.gov/pubmed/24909837
http://doi.org/10.1007/s11240-013-0320-4
http://doi.org/10.1186/1756-0500-1-132
http://doi.org/10.1016/j.plaphy.2015.10.025
http://doi.org/10.1016/j.plaphy.2015.12.009
http://doi.org/10.3390/cosmetics8030091
http://doi.org/10.1007/s00449-020-02474-7
http://www.ncbi.nlm.nih.gov/pubmed/33170382
http://doi.org/10.1007/s00449-018-2021-1
http://www.ncbi.nlm.nih.gov/pubmed/30284036
http://doi.org/10.1080/14786419.2018.1499643
http://www.ncbi.nlm.nih.gov/pubmed/30470133
http://doi.org/10.1134/S1021443709050069
http://doi.org/10.1007/s10529-013-1178-6
http://www.ncbi.nlm.nih.gov/pubmed/23504481
http://www.ncbi.nlm.nih.gov/pubmed/11762592
http://doi.org/10.1007/s002990100378
http://doi.org/10.1016/j.phytochem.2006.06.025
http://www.ncbi.nlm.nih.gov/pubmed/16876832
http://doi.org/10.1104/pp.20.00497
http://doi.org/10.1073/pnas.0711203105


Plants 2023, 12, 546 11 of 11

42. Miras-Moreno, B.; Almagro, L.; Pedreño, M.A.; Sabater-Jara, A.B. Enhanced accumulation of phytosterols and phenolic com-
pounds in cyclodextrin-elicited cell suspension culture of Daucus carota. Plant Sci. 2016, 250, 154–164. [CrossRef]

43. García-Pérez, P.; Losada-Barreiro, S.; Gallego, P.P.; Bravo-Díaz, C. Cyclodextrin-elicited bryophyllum suspension cultured cells:
Enhancement of the production of bioactive compounds. Int. J. Mol. Sci. 2019, 20, 5180. [CrossRef]

44. Almagro, L.; Calderón, A.A.; Pedreño, M.A.; Ferrer, M.A. Differential response of phenol metabolism associated with antioxidative
network in elicited grapevine suspension cultured cells under saline conditions. Antioxidants 2022, 11, 388. [CrossRef]

45. Murashige, T.; Skoog, F. A revised medium for rapid growth and bioassays with tobacco tissue cultures. Physiol. Plant 1962, 15,
473–497. [CrossRef]

46. Morel, G.; Wetmore, R.H. Fern callus tissue culture. Am. J. Bot. 1951, 38, 141–143. [CrossRef]
47. Briceño, Z.; Almagro, L.; Sabater-Jara, A.B.; Calderón, A.A.; Pedreño, M.A.; Ferrer, M.A. Enhancement of phytosterols, taraxasterol

and induction of extracellular pathogenesis-related proteins in cell cultures of Solanum lycopersicum cv Micro-Tom elicited with
cyclodextrins and methyl jasmonate. J. Plant Physiol. 2012, 169, 1050–1058. [CrossRef] [PubMed]

48. Soto-Argel, C.; Hidalgo, D.; Palazon, J.; Corchete, P. Extracellular chromone derivatives in cell cultures of Pimpinella anisum.
Influence of elicitation with methyl jasmonate and 2β-methyl cyclodextrins. Biotechnol. Let. 2018, 40, 413–418. [CrossRef]
[PubMed]

49. López-Orenes, A.; Bueso, M.C.; Párraga-Aguado, I.M.; Calderón, A.A.; Ferrer, M.A. Coordinated role of soluble and cell wall
bound phenols is a key feature of the metabolic adjustment in a mining woody fleabane (Dittrichia viscosa L.) population under
semi-arid conditions. Sci. Total Environ. 2018, 618, 1139–1151. [CrossRef]

50. Gandía-Herrero, F.; Cabanes, J.; Escribano, J.; García-Carmona, F.; Jiménez-Atiénzar, M. Encapsulation of the most potent
antioxidant betalains in edible matrixes as powders of different colors. J. Agric. Food Chem. 2013, 61, 4294–4302. [CrossRef]

51. Gandía-Herrero, F.; Escribano, J.; García-Carmona, F. Structural implications on color, fluorescence, and antiradical activity in
betalains. Planta 2010, 232, 449–460. [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.

http://doi.org/10.1016/j.plantsci.2016.06.008
http://doi.org/10.3390/ijms20205180
http://doi.org/10.3390/antiox11020388
http://doi.org/10.1111/j.1399-3054.1962.tb08052.x
http://doi.org/10.1002/j.1537-2197.1951.tb14804.x
http://doi.org/10.1016/j.jplph.2012.03.008
http://www.ncbi.nlm.nih.gov/pubmed/22608078
http://doi.org/10.1007/s10529-017-2482-3
http://www.ncbi.nlm.nih.gov/pubmed/29185164
http://doi.org/10.1016/j.scitotenv.2017.09.195
http://doi.org/10.1021/jf400337g
http://doi.org/10.1007/s00425-010-1191-0

	Introduction 
	Results and Discussion 
	Effect of Elicitors on Growth of M. alba In Vitro Plants 
	Effect of Elicitors on the Total Phenolic Content in the Culture Medium of M. alba In Vitro Plants 
	Stilbene Accumulation in the Culture Medium of Elicited M. alba In Vitro Plants 
	Effect of Different Elicitor Concentrations on the Growth of M. alba In Vitro Plants 
	Effect of 5 mM CDs and/or 10 M MJ on Total Phenolic Content in Elicited M. alba In Vitro Plants 

	Materials and Methods 
	Plant Materials 
	Elicitation Treatments of M. alba In Vitro Plants 
	Extraction of Stilbenes 
	Identification and Quantification of Stilbenes 
	Total Phenolic Content 
	HPLC-DAD Analysis of Stilbenes 

	Antioxidant Activity 
	Statistical Analysis 

	Conclusions 
	References

