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Abstract
Large amounts of Morus alba L. (MA) roots are needed as the source of active stilbenes in the industrial production of 
traditional medicines and cosmeceuticals. A recent investigation demonstrated resveratrol and its derivatives to be promis-
ing anti-COVID-19 agents. However, conventional cultivation of MA does not meet the demand for its stilbenes, and root 
quality usually varies between crops. This study established the in vitro non-GMO root culture of MA and optimized the 
root density, precursor feeding, and elicitors for stilbene productivity. A root culture with optimal inoculum density (3 g/flask 
of 30 mL medium) accumulated mulberroside A, oxyresveratrol, and resveratrol at 18.7 ± 1.00 mg/g, 136 ± 5.05 µg/g, and 
41.6 ± 5.84 µg/g dry weight (DW), respectively. The feeding of L-tyrosine shortened the time required to reach the stilbene 
productive stage. Root cultures co-treated with 200 µM methyl jasmonate and 2 mg/mL yeast extract accumulated the highest 
contents of mulberroside A (30.3 ± 2.68 mg/g DW), oxyresveratrol (68.6 ± 3.53 µg/g DW), and resveratrol (10.2 ± 0.53 µg/g 
DW). In summary, root culture is a promising and sustainable source of stilbenes for the development of health products and 
agents for further investigation as potential anti-COVID-19 agents.
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Introduction

In Thailand, Morus alba L. (MA) leaves are an essential 
food source for silkworm larvae due to their high protein 
and carbohydrate contents. MA roots contain high levels 
of bioactive stilbene compounds, including mulberroside A 
(MuA), oxyresveratrol (OXY), and resveratrol (RES), and 
thus are an important source of stilbenes for the health prod-
uct industry. MA roots have also been utilized commercially 
as an active ingredient in whitening and anti-aging cosmet-
ics. Studies have reported these stilbene compounds to have 
anti-inflammatory [1], anti-tyrosinase [2], and antioxidant 
[3, 4] properties. Moreover, MA root bark has been used as 
an ingredient in Chinese Herbal Pharmacopoeia recipes [5]. 
Because MA phytochemicals exhibit various pharmacologi-
cal activities related to the oxidative process and aging, MA 
is in high demand in the industrial production of cosmetic 
and health-promoting products. During the COVID-19 pan-
demic, this natural product has also received attention in 
the search for new drugs, as stilbenes provide pharmaco-
logical activity against COVID-19 pathology. Via molecular 
dynamics simulation, RES has been shown to interact with 
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viral spike protein [6], and the synthetic isomer of OXY 
has shown an inhibitory effect on SARS coronavirus rep-
lication [7]. Moreover, RES and OXY are reactive against 
other pathogenic viruses [8, 9]. Thus, stilbenes are useful 
compounds against the SARS coronavirus.

In general, the cultivation of the mulberry tree requires 
a lengthy period before the large root can be collected. In 
addition, the season of harvest affects the production level 
of secondary metabolites [4]. Environmental factors (tem-
perature, soil nutrients, rainfall, etc.) usually influence sec-
ondary metabolism and bioactive accumulation in medici-
nal plants. Therefore, an alternative cultivation system is 
required to solve the limitations of the MA source and its 
quality variation. A system of in vitro plant tissue culture 
is one method of choice, in which the plant is cultured in a 
synthetic medium under controlled conditions. Such a tech-
nique could provide rapid propagation and high accumu-
lation of the desired secondary metabolites. MA culturing 
systems, including callus, cell suspension, and root cultures, 
have been reported [10–12]. The treatment of callus cultures 
using 2-hydroxypropyl-beta-cyclodextrin has been shown to 
improve OXY and RES production [11]. Elicitation of MA 
cell suspension cultures with methyl jasmonate (MJ) and 
yeast extract (YS) has also been shown to enhance OXY and 
RES production [10].

Elicitation has proven to be effective for increasing stil-
bene production from MA in an in vitro culture. Elicitation 
targets the biosynthetic pathway(s) through which enzyme 
expression is altered. Each elicitor interacts with its receptor 
and influences the biosynthetic pathway in a specific manner 
[13]. A simultaneous treatment of elicitors therefore causes 
a synergized enhancement of secondary metabolite produc-
tion [14].

Effective strategies for secondary metabolite production 
and accumulation involve not only elicitation but also the 
feeding of biosynthetic precursors [15, 16]. Phenylalanine 
(PHE) and tyrosine (TYR) are precursors of stilbene pro-
duction from the phenylpropanoid pathway [17]. To date, 
the effects of PHE and TYR feeding on stilbene production 
from MA root cultures have not been investigated. Further-
more, although YS, MJ, chitosan, and salicylic acid have 
been proven as effective elicitors in MA root cultures, their 
combination to enhance stilbene production has not yet 
been studied. Therefore, this study aimed to investigate the 
effects of precursor feeding and combined elicitation on the 
accumulation of stilbene compounds in MA root cultures. 
If effective, this treatment could be applied to large-scale 
MA root cultures to provide raw materials for important 
industries.

Materials and methods

Chemicals

Mulberroside A (MuA, a glycoside form of OXY) was pur-
chased from Chengdu Biopurify, Ltd. (Sichuan, China), and 
oxyresveratrol (OXY, trans-2,4,3′,5′-tetrahydroxystilbene) 
was purified by Assoc. Prof. Dr. Boonchoo Sritularak (Fac-
ulty of Pharmaceutical Sciences, Chulalongkorn Univer-
sity, Thailand). Other chemicals, including 2,2′-azino-bis 
(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), methyl 
jasmonate (MJ), yeast extract (YS), L-phenylalanine (PHE), 
L-tyrosine (TYR), bovine serum albumin (BSA), and res-
veratrol (RES, 3,4′,5-trihydroxy-trans-stilbene), were pur-
chased from Sigma-Aldrich Co. (MO, USA). The polyclonal 
antibody against MuA (MuA-pAb) was produced in a previ-
ous study [18]. Peroxidase (POD) anti-rabbit IgG antibody 
was purchased from MP Biomedical (CA, USA). All other 
chemical substances used in the experiment were of analyti-
cal grade.

Establishment and treatment of root 
cultures

Plant materials

The MA root cultures were obtained by cutting the roots of 
in vitro MA plantlets. The roots were cultured and main-
tained in a Murashige and Skoog (MS) liquid medium sup-
plemented with 1 mg/L α-naphthaleneacetic acid (NAA), 
known as MS-NAA medium [12]. The cultures were shaken 
at 80 rpm under a 16-h photoperiod at 25 ± 2 °C.

Root culture growth rate and stilbene accumulation

The growth and stilbene accumulation of the MA root cul-
ture were evaluated over time. The 28-day-old roots were 
subcultured in 125-mL flasks with 30 mL MS-NAA (1 g/
flask). The cultures were shaken at 80 rpm under a 16-h 
photoperiod at 25 ± 2 °C. The cultured roots were harvested 
weekly, and their DWs were measured. The samples were 
dried in a hot air (50 °C) oven over two days. Finally, the 
stilbene content was determined.

Effect of root density on growth and stilbene 
accumulation

The effect of root density on growth and stilbene accumula-
tion was studied. In the experiment, roots with fresh weights 
of 0.5, 1, 2, 3, and 6 (± 1%) g were transferred into fresh 
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MS-NAA (30 mL). After cultivation for 4 weeks, the roots 
and culture medium were harvested. The root samples were 
then dried and subjected to stilbene extraction for quantita-
tive analysis of the stilbene content. The MuA content of 
the samples was determined by indirect competitive ELISA 
(icELISA), and the OXY and RES contents were determined 
by the HPLC–UV method. Each sample group was evalu-
ated in triplicate. The growth index (GI) was calculated from 
the final fresh mass at the collection time (FFW) and initial 
fresh weight (IFW) of the cell suspension, as shown in the 
following equation.

Effect of precursor feeding on growth and stilbene 
accumulation

A stock solution of PHE was prepared by dissolving PHE 
(1.65 mg) in distilled water (10 mL), followed by filter steri-
lization. TYR (1.81 mg) was dissolved in a few drops of 
1.0 N HCl and then diluted with distilled water to obtain 
10 mL of 1 mM stock solution, which was then filter-ster-
ilized. The precursor concentrations were selected based 
on the concentrations that improved the accumulation of 
MuA, OXY, and RES in immobilized MA cell cultures in 
our previous experiment [10]. The precursors were added 
to the MA root culture at a final concentration of 0.05 mM 
PHE, 0.03 mM TYR, and a mixture of 0.05 mM PHE and 
0.03 mM TYR (PT) on the first day of cultivation. The root 
samples were harvested in triplicate after 1, 5, 10, 20, 40, 
and 50 days of cultivation. The stilbene content of all sam-
ples was determined by icELISA and HPLC, as previously 
described.

Elicitation of stilbene accumulation

A stock solution of MJ (10 mM) was prepared in 40% (v/v) 
aqueous ethanol and then filter-sterilized. For the YS stock 
solution, YS powder was dissolved in deionized water to 
make a 100 mg/mL stock solution. The pH of the stock solu-
tion was adjusted to 5.5, and the solution was then sterilized 
by autoclaving at 121 °C and 15 psi for 15 min. The MA 
root cultures were treated with elicitors on the 28th day of 
cultivation: YS (2 mg/mL), MJ (200 µM), a mixture of YS 
(0.5 mg/mL) and MJ (50 µM), a mixture of YS (1 mg/mL) 
and MJ (100 µM), or a mixture of YS (2 mg/mL) and MJ 
(200 µM). The elicitor concentrations were selected accord-
ing to the results of our previous experiments [12], in which 
a single treatment of 2 mg/mL YS and 200 µM MJ enhanced 
the accumulation of MuA in MA root cultures. The treated 
roots were harvested in triplicate 24 h after treatment, as this 

GI =
FFW − IFW

FFW

showed the best response to single elicitor treatment. The 
samples were dried and analyzed for stilbene content [12].

Sample extraction and preparation

Root cultures were collected and dried in a hot air oven at 
50 °C for two days and then powdered. Thirty milligrams of 
the dried powder was weighed and extracted using methanol 
as the solvent, assisted by sonication. The extract solution 
was collected after centrifugation at 6720 ×g for 10 min. The 
plant residues were extracted three more times using the 
same procedure. The extract solutions were then combined 
and evaporated in a water bath (50 °C) to obtain the extract, 
which was then dissolved in 1 mL absolute methanol. All 
sample extracts were kept at  – 20 °C until further analysis, 
both icELISA and HPLC analysis. All samples were ana-
lyzed in triplicate (n = 3).

Stilbene determination and statistical analysis

The concentration of MuA was analyzed by MuA-pAb-
based icELISA described in a previous study [18]. The 
analytical procedure is described in detail in the electronic 
supplementary material (ESM). The HPLC method devel-
oped in our previous study [10] was applied to analyze the 
OXY and RES concentrations. The equipment and proce-
dure are described in the ESM. All samples were analyzed 
in triplicate, and the results are presented as mean ± SD. The 
statistical significance of the differences between the control 
group and each treatment group were evaluated using a one-
way analysis of variance (ANOVA), followed by the least 
significant difference (LSD) at the p < 0.01 level.

Results and discussion

MA root culture growth pattern and stilbene 
accumulation

The evaluation of MA root culture growth in relation to 
stilbene production was performed for six weeks. As MA 
root growth is slow, the root samples were collected every 
week and the dried biomass was assessed. The root bio-
mass gradually increased during the first 28 days of cul-
ture (the exponential growth phase), after which the growth 
reached the stationary phase (Table 1). The accumulation 
of MuA increased in tandem with the growth pattern. How-
ever, the MuA content decreased after the growth reached 
the stationary phase, whereas OXY and RES accumula-
tion increased during this phase. The expression of UDP-
glycosyltransferase, which catalyzes the transfer of glucose 
molecules to RES, was high in the root cap meristem and 
correlated with cell division and root growth [19]. Therefore, 
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MuA production was high during the exponential growth 
phase, whereas glycosyltransferase expression decreased in 
the stationary growth phase, and the accumulation of non-
glycosylated compounds (OXY and RES) increased. Thus, 
the roots were elicited for production of the stilbenes MuA, 
OXY, and RES in the early stationary phase, i.e., the first 
28 days, when the roots are usually ready for secondary 
metabolism.

Effect of cell density on stilbene production by MA 
root culture

To study the effect of cell density, the experiment was started 
by transferring 0.5, 1, 2, 3, and 6 (± 0.1) g fresh weight of 
root culture into 30 mL MS-NAA medium. After cultiva-
tion for four weeks, the roots were harvested to determine 
the stilbene accumulation by icELISA and HPLC. The root 
culture with an initial cell density of 1 g/flask reached the 
highest growth rate after four weeks (Table 2). When the 
root density increased further, the GI decreased. A higher 
initial inoculum/root density produced a lower GI because 

of the limited supply of oxygen and nutrients [20, 21]. The 
stress condition of high root density and limited nutrients 
and oxygen increased the production and accumulation of 
stilbenes, with the highest contents of MuA, OXY, and RES 
observed in the root culture with an initial root density of 
3 g/flask. Further increase in initial root density (6 g/flask) 
decreased the accumulated stilbene content. Hence, the 3 g/
flask of initial inoculum density was considered the optimal 
condition for stilbene production.

Effect of precursor feeding on stilbene accumulation 
in MA root culture

To investigate the effect of precursor feeding on stilbene 
production and accumulation, stilbenes were biosynthe-
sized via phenylpropanoid metabolism [22, 23], using PHE 
and TYR as the precursors in the initial steps. Both amino 
acids and their combination were added to promote stilbene 
biosynthesis. After precursor feeding for 5, 10, 20, 40, and 
50 days, the roots were harvested in triplicate, and the level 
of stilbene accumulation was investigated by icELISA and 

Table 1  Time course for MuA 
content and DW of culture

1 The contents of MuA are expressed in the unit of mg/g DW, whereas OXY and RES are in the unit of µg/g 
DW. The data were presented with the form of mean ± SD. The same and different characters indicate the 
non-significant and significant difference, respectively, when data are compared between them in each col-
umn. Statistical significance is determined by one-way ANOVA, followed by Tukey HSD (p < 0.05)

Time Biomass Stilbene  accumulations1

(Weeks) (g DW/flask) MuA OXY RES

1 0.11 ± 0.00a 10.83 ± 2.33a 45.39 ± 6.42a 10.67 ± 1.27a,b

2 0.14 ± 0.04a,b 14.38 ± 0.75a,b 47.97 ± 2.67a 12.32 ± 0.27a,d

3 0.15 ± 0.03a,b 18.47 ± 2.11b 43.14 ± 3.60a 10.12 ± 0.23b

4 0.20 ± 0.02b 18.68 ± 3.89b 25.22 ± 0.21b 2.62 ± 0.29c

5 0.20 ± 0.04b 12.79 ± 2.90a,b 42.83 ± 1.44a 13.42 ± 0.35d

6 0.22 ± 0.03b 15.02 ± 1.56a,b 107.30 ± 2.00c 24.05 ± 1.28e

Table 2  Effect of cell density 
on biomass and stilbenes 
accumulation

1 The biomasses of MA roots were demonstrated with initial fresh weight (IFW), final fresh weight (FFW), 
and final DW (FDW), which all are in the unit of g/flask
2 Growth index (GI) is calculated regarding the initial fresh weight (IFW) and final fresh weight (FFW)
3 The contents of MuA are expressed in the unit of mg/g DW, whereas OXY and RES are in the unit of µg/g 
DW. The data were presented with the form of mean ± SD. The same and different characters indicate the 
non-significant and significant difference, respectively, when data are compared between them in each col-
umn. Statistical significance is determined by one-way ANOVA, followed by Tukey HSD (p < 0.05)

Biomass1 GI2 Stilbenes  accumulations3

IFW FFW FDW MuA OXY RES

0.5 0.70 ± 0.10a 0.04 ± 0.02a 0.28 ± 0.10a 11.1 ± 2.30a 83.8 ± 6.04a 13.4 ± 3.59a

1 2.60 ± 0.28b 0.2 ± 0.13a 0.61 ± 0.04b 10.2 ± 0.48a, c 98.0 ± 5.16a 32.5 ± 3.54b

2 4.46 ± 0.28c 0.38 ± 0.02b 0.55 ± 0.03b 13.3 ± 1.88a 133 ± 7.90b 38.4 ± 1.51b

3 4.33 ± 0.23c 0.41 ± 0.02b 0.31 ± 0.04a 18.7 ± 1.00b 136 ± 5.05b 41.6 ± 5.84b

6 8.66 ± 0.58d 0.79 ± 0.01c 0.31 ± 0.05a 6.65 ± 0.62c 88.6 ± 10.5a 14.0 ± 0.63a
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HPLC. Feeding 0.03 mM TYR led to the highest accumula-
tion of MuA (19.0 mg/g DW), OXY (94.7 µg/g DW), and 
RES (31.1 µg/mg DW) at day 10 after treatment (Fig. 1, 
ESM Table  S1). The accumulation of these stilbenes 
decreased when the culture periods were longer than opti-
mum. Although TYR and its combination with PHE can 
enhance the activity of phenylalanine ammonia-lyase (PAL) 
in vitro [24], the combination of PHE and TYR (PT) did not 
exert synergistic or additive effects on stilbene accumula-
tion. TYR was transformed directly to p-coumaric acid by 
tyrosine ammonia-lyase (TAL), whereas PHE was enzymati-
cally converted to p-coumaric acid by PAL and consequently 
to cinnamate 4-hydroxylase (4CH) [23]. p-Coumaric acid 
was further synthesized as a stilbene structure. PAL also 
displays TAL activity, converting TYR to p-coumaric acid 
[13]. Feeding TYR contributed more to stilbene synthesis 
in the early stage of growth. On the 50th day after precursor 
feeding and culture, the accumulation of all stilbenes was 
below that observed in the untreated MA root. Therefore, 
the advantage of precursor feeding lay in shortening the time 
to reach maximum stilbene production. However, TYR pro-
duced the highest accumulation of MuA, OXY, and RES 
after 40 days of immobilized MA cell culture [10]. This 
indicates that different types of culture may produce varied 
responses to precursor feeding.

Effect of elicitors on stilbene accumulation in MA 
root culture

According to a previous study, individual treatment of YS 
(2 mg/mL) and MJ (200 µM) significantly enhanced MuA 
production in MA root cultures after 24 h exposure, and the 
effects were higher than those observed in the roots treated 
with chitosan or salicylic acid [12]. Therefore, these two 
elicitors and the exposure period were selected to investigate 
the effect of co-elicitation on stilbene accumulation. MuA 
accumulation was significantly increased after treatment 
with YS (2 mg/mL) and its combination with MJ (200 µM) 
for 24 h, during which the roots produced 22.0 ± 2.12 and 
30.3 ± 2.68 mg/g DW of MuA, respectively. These MuA 
contents were 1.5- and 2.1-fold, respectively, higher than the 
MUA content in the control group (14.7 ± 1.27 mg/g DW). 
YS and its combination with MJ increased the OXY and 
RES contents in the treated roots (Fig. 2, ESM Table S2). 
The OXY accumulation in the roots treated with 2 mg/mL 
YS increased to 50.3 ± 0.06 µg/g DW. When YS was com-
bined with MJ (200 µM), the OXY content further increased 
to 68.6 ± 3.53 µg/g DW, compared with 26.5 ± 1.79 µg/g 
DW in the control root. The abovementioned treatment also 
increased RES accumulation by 1.3- and 1.6-fold over that 
in the control group (6.33 ± 0.33 µg/g DW). Although this 

Fig. 1  Effects of precursor feed-
ing [0.05 mM PHE, 0.03 mM 
TYR, and their combination 
(PT)] on the accumulation of 
(a) MuA and (b) OXY and 
RES. The dried root for each 
treatment was subjected to stil-
bene extraction with methanol, 
the content of which was then 
determined using HPLC and 
icELISA. The experiment was 
performed in triplicate (n = 3), 
and the data are presented as the 
mean and SD indicated with an 
error bar. The significance of 
the mean difference between the 
precursor treatment and control 
(CON) was analyzed using a 
one-way ANOVA followed by 
the least significant difference at 
p < 0.01, indicated by *
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increase is statistically significant, the RES accumulation is 
still lower than that in the intact MA root [25] and Polygo-
num cuspidatum root [26]. Elicitors activate defense or 
stress-induced mechanisms that affect plant metabolism and 
usually enhance secondary metabolism. In a prior study, the 
treatment of grapevine cell cultures with MJ increased the 
expression of stilbene biosynthetic enzymes and the accu-
mulation of trans-RES [27]. The combination of YS and 
MJ is usually useful in eliciting secondary plant metabolism 
via the phenylpropanoid pathway in Silybum marianum (L.) 
Gaertn cell cultures [28], Medicago truncatula cell suspen-
sion cultures [29], and MA cell suspension and root cultures 
[12]. A previous transcriptional analysis indicated that YS 
and MJ enhance different enzymes in the biosynthetic path-
way. For example, YS induced a 45- and 14-fold increase in 
PAL and CHS transcripts, respectively, in cell suspension 
cultures of the model legume M. truncatula [29]. In addition, 
MJ increased the transcription of stilbene synthase (STS) 
in grapevine cell cultures [27]. The co-treatment of MJ and 
YS significantly enhanced the accumulation of MuA, OXY, 
and RES in an immobilized MA cell culture [10]. This raises 
the possibility that MJ and YS induce different enzymes 
involved in stilbene biosynthesis, and that their combination 

provides co-elicitation. Therefore, the co-elicited MA root 
culture produced a comparable amount of MuA to the intact 
root, which accumulated MuA at 5.24–24.32 mg/g DW [18] 
and 0.093–47.196 mg/g [30]. The stilbene productivity of an 
MA cell suspension culture was also enhanced by treatment 
with YS, MJ, chitosan, and salicylic acid, which increased 
MuA accumulation to 6.9–33.0 mg/g DW compared with 
9.9 mg/g DW in the control culture [12]. The stilbene pro-
duction of the MA root culture in response to YS and MJ 
was less than that of the cell suspension culture, which may 
be related to the different cell structures. The co-treatment of 
cell immobilization and elicitation (MJ and YS) of MA cells 
increased both intracellular and secreted stilbenes, yielding 
a total content of 70.48 mg/g DW [10]. In addition, other 
substances (cyclodextrin, salicylic acid, and ethylene) have 
also been shown to stimulate RES production in the Vitis 
vinifera cultivar Monastrell [31], but YS and MJ exhibited 
more efficient elicitation than chitosan and salicylic acid in 
the MA root culture [12].

Overall, elicitation makes MA root a sustainable and 
environmentally friendly source of stilbenes for pharma-
ceutical and cosmeceutical production. The co-elicitation 
treatment effectively enhanced the accumulation of MuA, 

Fig. 2  Effects of 200 µM MJ, 
2 mg/mL YS, and their com-
binations [MY1 (50 µM MJ 
and 0.5 mg/mL YS), MY2 
(100 µM MJ and 1.0 mg/mL 
YS), and MY3 (200 µM MJ and 
2 mg/mL YS)] on (a) the accu-
mulation of MuA and (b) OXY 
and RES. The dry root for each 
treatment was subjected to stil-
bene extraction using methanol, 
the content of which was then 
determined using HPLC and 
icELISA. The experiment was 
performed in triplicate (n = 3), 
and the data are presented as the 
mean and SD indicated with an 
error bar. The significance of 
the mean difference between the 
precursor treatment and control 
(CON) was analyzed using a 
one-way ANOVA followed by 
the least significant difference at 
p < 0.01, indicated by *
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RES, and OXY. Further investigation using an inte-
grated approach is required to elucidate the interactions 
between inoculum density, precursor feeding, and elici-
tors to achieve maximum productivity of these stilbenes. 
Although the accumulation of RES and OXY was much 
improved, their contents were much lower than that of 
MuA. However, MuA can be bio-converted to OXY by 
beta-glucosidase [32]. Thus, MuA can be a source of OXY 
that exhibits various pharmacological activities, including 
anti-COVID-19 properties.
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