
Vol.:(0123456789)1 3

Acta Physiologiae Plantarum (2020) 42:9 
https://doi.org/10.1007/s11738-019-3008-5

ORIGINAL ARTICLE

Cell bioreactor culture of Orostachys cartilaginous A. Bor. 
and involvement of nitric oxide in methyl jasmonate‑induced 
flavonoid synthesis

Yue‑Jun Hao1 · Xi‑Hua Cui2 · Jin‑Rong Li1 · Xiao‑Li An · Hao‑Ding Sun · Xuan‑Chun Piao1 · Mei‑Lan Lian1 

Received: 23 July 2019 / Revised: 26 September 2019 / Accepted: 30 December 2019 / Published online: 6 January 2020 
© Franciszek Górski Institute of Plant Physiology, Polish Academy of Sciences, Kraków 2020

Abstract
Orostachys cartilaginous A. Bor. is a high-value medicinal plant, whereas flavonoids are important secondary metabolites. 
Bioreactor cell culture is an alternative method for the mass production of flavonoids in O. cartilaginous. This study investi-
gated the adaption of culture conditions using bioreactors with different sizes to provide a reference for the pilot-scale culture 
of O. cartilaginous cells in the future. Results showed that cell fresh and dry weights per culture medium among the balloon-
type airlift bioreactors of 3, 5, and 10 L did not change. Moreover, approximately equal amounts of total flavonoids were 
synthesized in bioreactors with different sizes, indicating that the culture conditions optimized in a bioreactor of certain size 
can be used in bioreactors of other sizes. This study used methyl jasmonate (MeJA) as an abiotic elicitor to treat 25-day-old 
O. cartilaginous cells, and an event whether nitric oxide (NO) was involved in flavonoid synthesis in MeJA-induced flavonoid 
synthesis was investigated to improve flavonoid accumulation. The contents of total flavonoids and flavonoid monomers 
including quercetin, kaempferide, epicatechin gallate, quercetin-3-O-glucose, and kaempferol-3-rutinoside, were significantly 
improved by MeJA treatment, reaching the maximum value at 48 h after elicitation. During the MeJA elicitation, NO burst 
in the early stage and NO content peaked at 6 h. In addition, nitrate reductase (NR) inhibitors of tungstate and glutamine 
blocked NO generation and inhibited flavonoid synthesis in MeJA-stimulated cells. However, such inhibition of flavonoid 
synthesis was relieved by a NO donor (sodium nitroprusside), thereby suggesting that NO was involved in MeJA-induced 
flavonoid synthesis through NR pathway. The present finding has a critical significance for understanding the mechanism of 
the defense response stimulated by the MeJA elicitor and can provide a new strategy that regulates NO burst and flavonoid 
synthesis by controlling the NR activity.
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Introduction

Orostachys cartilaginous A. Bor. is a high-value medicinal 
plant of the Crassulaceae family, which is mainly distributed 
in the Changbai Mountain area of China (Zhang et al. 2017). 

The whole plants of O. cartilaginous contain various bioac-
tive compounds, among which flavonoids are important sec-
ondary metabolites (Li et al. 2015). However, the shortage of 
plant resource has restricted the production of O. cartilagi-
nous (Piao et al. 2017; Zhang et al. 2017). Plant cell culture 
is recognized as a promising alternative approach obtaining 
raw materials for plant species with natural resource short-
age (Efferth 2019; Georgiev et al. 2009; Thanh et al. 2014). 
Therefore, the resource problem of O. cartilaginous could 
be solved by the plant cell culture using bioreactor systems 
(Piao et al. 2017). However, the relatively low yield of sec-
ondary metabolites has often occurred during plant cell 
culture, thereby restricting its application in industrial pro-
duction (Xu et al. 2008). To overcome this problem, the use 
of elicitation methods with biotic or abiotic elicitors during 
plant cell culture is considered the most effective approach 
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(Baldi et al. 2009). Methyl jasmonate (MeJA) is an effective 
abiotic elicitor that has been applied in numerous plant spe-
cies, that are involved in plant defense response pathways 
and triggers plant metabolite biosynthesis (Wang et al. 2015; 
Kang et al. 2006; Lee et al. 2014).

The coordinated and synchronized response of plants to 
the elicitor involves the generation of several signaling mole-
cules, including nitric oxide (NO), reactive oxygen, salicylic 
acid, and other molecules (Gao et al. 2012). NO is a free rad-
ical gas formed endogenously in many biological systems. 
The most possible and prominent role of NO is signaling and 
regulating plant defense or stress responses (Wang and Wu 
2004). In addition, Modolo et al. (2002) reported the earliest 
study on NO that was involved in the secondary metabo-
lite synthesis; subsequently, a similar viewpoint was sug-
gested by various researchers (Shan and Yang 2017; Wang 
and Wu 2004; Xu et al. 2008). These findings indicated that 
involvement of NO in the secondary metabolite synthesis is 
probably related to the activated defense response in plant 
cells attributed from stresses. In addition, various defense 
responses, such as defense gene expression and hypersensi-
tive response, were induced by elicitors during plant cell 
culture (Modolo et al. 2002). However, those responses can 
be blocked by the NO scavenger, thereby confirming that NO 
is the necessary signaling molecule for the elicitor-induced 
defense response (Xu et al. 2005). In general, plant cells 
synthesize NO through non-enzymic and enzymic pathways. 
In the enzymic pathway, NO synthase (NOS) is the key 
enzyme. However, some investigations found that NO burst 
was not completely inhibited by the NOS scavenger (Foiss-
ner et al. 2010), indicating that other enzymes affect NO 
generation. Moreover, NR displays a nitrite reductase activ-
ity that leads to the production of NO from nitrite (Yamasaki 
and Sakihama 2000).

Over the last decade, NO has been extensively investi-
gated as an important signaling molecule in elicitor-induced 
metabolite synthesis during plant cell culture (Xu and Dong 
2005; Foissner et al. 2010). However, its role in O. cartilagi-
nous cell culture has not been investigated yet. Therefore, 
this study used MeJA as the elicitor to treat 25-day-old bio-
reactor cultured O. cartilaginous cells and investigated an 
event whether NO was involved in MeJA-induced flavonoid 
synthesis through NR pathway.

Materials and methods

Maintenance of O. cartilaginous cells

O. cartilaginous cells were induced and cultured in vitro 
using the methods of Zhang et al. (2017) and used as plant 
material in the experiment of bioreactor culture.

Cell culture in bioreactors of different sizes

The in vitro cultured cells of 12.5 g/L (fresh weight, FW) 
were separately inoculated into 3, 5, and 10 L balloon-type 
airlift bioreactors, where 2, 4, and 8 L culture medium was 
poured, respectively. The culture medium was Murashige 
and Skoog (MS) (Murashige and Skoog 1962) medium sup-
plemented with 3.5 mg/L benzylaminopurine (BA) (Shang-
hai YuanYe Bio-Tech Co., Ltd. Shanghai, China), 0.1 mg/L 
a-naphthalene acetic acid (NAA) (Aoboxing Bio-Tech Co., 
Ltd., Beijing, China), and 30 g/L sucrose (Tianjin Kemiou 
Chemical Reagent Co., Ltd., Tianjin, China); the medium 
pH was adjusted to 5.8 prior autoclaving. The bioreactor 
was maintained at 25 °C under 30 μmol/m2/s light intensity, 
with a 16 h photoperiod, and aerated at 100 mL/min air. 
After 25 days of bioreactor culture, cell FW and dry weight 
(DW), and the contents of total flavonoids and five flavonoid 
monomers of quercetin (Qc), kaempferide (Ke), epicatechin 
gallate (Egc), Qc-3-O-glucose (Qc-3-glc), and kaempferol-
3-rutinoside (Ke-3-rut) were determined.

Effect of MeJA on flavonoid synthesis during cell 
suspension culture

On the basis of the O. cartilaginous cell growth kinetic study 
conducted by our research team (Piao et al. 2017), the cells 
were harvested from 5 L bioreactors after 25 days of culture 
and the culture medium was also collected. The collected 
medium of 100 mL was poured into a 150 mL Erlenmeyer 
flask and 15 g of harvested fresh cells were added. These 
operations were same in following experiments. The flask 
was added with 100 μM of the filter-sterilized liquid MeJA 
(Sigma, USA). Then, flasks were underwent continuous 
shaking (Jintan Science Analysis Instrument Co. Ltd., Jin-
tan, China) at 100 rpm at 25 °C under 30 μmol/m2/s light 
intensity, with a 16 h photoperiod (as same in the following 
elicitation experiments). The cell samples were collected 
from the flask at 12 h intervals over a 72 h elicitation period 
and the contents of total flavonoids and flavonoid monomers 
in cells were determined.

Investigation of NO involvement in MeJA‑induced 
flavonoid synthesis

To understand whether the NO involves in MeJA-induced 
flavonoid synthesis, the changes of NR and NO in cells 
were investigated in the first experiment. In brief, a total of 
100 μM MeJA was added in the flask, and equal amounts 
of sterilized water were added in the control group. The 
cell samples were collected from the flask at 2 h intervals 
over a 24-h elicitation period, and the NO content and NR 
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activity in cells were determined. In the second experiment, 
to explore whether the NO synthesizes though the NR path-
way, the effect of NR inhibitors on NO production and NR 
activity in cells were examined. The experimental groups 
were designed as follows. (1) Control group, in which steri-
lized water (equal amounts with 100 μM MeJA) was added 
to the flask. (2) MeJA group, in which 100 μM MeJA was 
added. (3) MeJA + TUN group, in which 100 μM MeJA and 
0.5 mM of filter-sterilized NR inhibitor, tungstate (TUN) 
were added. (4) MeJA + Gln group, in which 100 μM MeJA 
and 0.5 mM of filter-sterilized NR inhibitor, glutamine (Gln) 
were added. After 6 h of treatment, cell samples were col-
lected, and NO contents and NR activities were determined. 
Finally, the cells were treated with NR inhibitors and a NO 
donor for verifying that the NO affected MeJA-induced fla-
vonoid synthesis. The experiment was designed six groups. 
(1) Control group, in which sterilized water (equal amounts 
with 100 μM MeJA) was added to the flask. (2) MeJA group, 
in which 100 μM MeJA was added. (3) MeJA + TUN group, 
in which 100 μM MeJA and 0.5 mM TUN were added. (4) 
MeJA + Gln group, in which 100 μM MeJA and 0.5 mM 
Glu were added. (5) MeJA + TUN + SNP group, in which 
100 μM MeJA, 0.5 mM TUN, and 0.5 mM of filter-sterilized 
sodium nitroprusside (SNP, a NO donor) were added. (6) 
MeJA + Gln + SNP, in which 100 μM MeJA, 0.5 mM Gln, 
and 0.5 mM SNP were added. After 48 h of treatment, the 
cells were collected, and contents of five flavonoid mono-
mers were determined. In aforementioned experiments, the 
concentrations of NR inhibitors or NO donor were con-
firmed by the results of the preliminary test.

Determination of biomass

Cells were harvested from the culture medium and washed 
with tap water for several times. The FW of cells was deter-
mined after removing the surface water. The dry weight 
(DW) of cells was recorded after the fresh cells were dried 
in the dry oven (Tianjin North China Experimental Instru-
ment Co., Ltd.) to a constant weight at 50 °C for 48 h.

Determination of flavonoid content

The total flavonoids was extracted by the method of Jiang 
et al. (2017) and the content was determined by the alu-
minum chloride colorimetric method (Wang et al. 2013), 
rutin (purity > 98%) (Beijing Notlas BioScience Co. Ltd, 
Beijing, China) was used as the standard to prepare the cali-
bration curve. The absorbance was measured at 510 nm with 
a UV spectrophotometer (UV-2600; Shimadzu Corporation).

For determination of the flavonoid monomer contents, 
cells were extracted and determined according to the 
method described by Piao et al. (2017) using high-per-
formance liquid chromatography (HPLC). HPLC analysis 

used an ODS-C18 reverse phase column (4.6 mm × 250 mm, 
5 μm; Thermo Fisher Scientific, Waltham, MA, USA). The 
Qc and Ke contents were determined with a UV detector 
(SPD-15C, Shimadzu Corporation. Kyoto, Japan) at 366 nm. 
The mobile phase was 0.1% (v/v) phosphoric acid (A) and 
methanol (B). The gradient elution profile was: 0–15 min, 
45% B; 16–30 min, 80% B. The flow rate of the mobile 
phase was 0.8 mL/min. The Ecg, Qc-3-glc, and Kp-3-rut 
contents were determined with a UV detector (SPD-15C, 
Shimadzu Corporation) at 280 nm. The mobile phase was 
0.05 M ammonium formate (A) and methanol (B), with a 
linear gradient of 10–90% B over 40 min. The flow rate 
was 0.8 mL/min. The standards of Qc (purity > 98%), Ke 
(purity > 98%), Ecg (purity > 98%), Qc-3-glc (purity > 98%), 
and Ke-3-rut (purity > 98%) were purchased from Chengdu 
Mansite Bio-Technology Co., Ltd (Chengdu, China).

Determination of NO content and NR activity

The NO content was determined with the method described 
by Zhou et al. (2005). The fresh cells sample of 2 g was 
ground with a mortar in 8 mL of 50 mM glacial acetic 
acid buffer (pH 3.7, containing 10% sodium acetate). The 
homogenates were centrifuged at 10,000  rpm (CR22G, 
Hitachi Koki Co. Ltd., Tokyo, Japan) for 15 min at 4 °C, and 
the supernatant was collected. The remaining residue was 
washed twice with 2 mL of extraction buffer and centrifuged 
as previously described. The two supernatants were com-
bined and 0.2 g of activated charcoal was added. After vor-
texing and filtration, the filtrate was collected. A mixture of 
2 mL filtrate and 2 mL Greiss reagent was incubated at room 
temperature for 30 min before the absorbance was quantified 
by spectrophotometry (UV-2600, Shimadzu Corporation) at 
540 nm. The NO content was calculated by comparison to a 
standard curve of NaNO2.

The fresh cell sample (0.5 g) was ground with a mor-
tar and pestle in 5 mL of 100 mM PBS (pH 7.4) on an ice 
bath. The homogenate was centrifuged at 10,000 rpm for 
15 min at 4 °C (CR22G; Hitachi Koki Co., Ltd.), and the 
supernatant was collected. The NR activity was determined 
using the NR assay kits (Nanjing JianCheng Bioengineering 
Institute, Nanjing, China) according to the manufacturer’s 
instructions. The optical density (iMark; Bio-Rad Laborato-
ries, Inc., CA, USA) was measured at 540 nm.

Experimental design and data analysis

Data were collected from three experimental replicates. 
Statistical calculations were carried out using Graph-
Pad Prism 5 (GraphPad Software, Inc.). The results are 
presented as mean ± standard deviation. The mean val-
ues were subjected to Duncan’s multiple-range test and 
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Student’s t-test with the SPSS statistical software 22.0 
(SPSS Inc, Chicago, USA). Values of p < 0.05 were con-
sidered significant.

Results

Biomass and flavonoid contents in O. cartilaginous 
cells cultured in difference size bioreactors

To confirm the adaptability of cell biomass and flavonoid 
accumulation in different size bioreactors, 3, 5, and 10 L 
bioreactors with 2, 4, and 8 L working volumes were used 
to culture cells, respectively. The cell growth pattern was 
similar to those in different size bioreactors. Cells floated 
up and down in bioreactors before 15 days of culture. Then, 
cells floated on the upper part of the medium in all size bio-
reactors, indicating that cells were at the exponential growth 
phase during the bioreactor culture of O. cartilaginous cells. 
After 25 days of culture, cells were harvested according to 
the result of the kinetic experiment conducted by Piao et al. 
(2017). Table 1 shows that cell FW and DW per 1 L culture 
medium did not change and increased with bioreactor sizes 
accordingly (Fig. 1). For per bioreactor, cell FW of 345.6, 
698.1, and 1355.2 g, as well as DW of 18.1, 36.8, and 72.1 g 

Table 1   Biomass of Orostachys cartilaginous cell cultures harvested 
from different size bioreactors after 25 days of culture

Data are the mean ± deviation (n = 3). The different letters within the 
same column indicate significant difference by Duncan’s multiple test 
at 5% level

Bioreac-
tor size 
(L)

Biomass (g/L) Biomass (g/bioreactor)

Fresh weight Dry weight Fresh weight Dry weight

3 171.3 ± 9.3a 9.0 ± 0.6a 342.6 ± 18.6 18.1 ± 1.1
5 174.5 ± 12.0a 9.2 ± 0.7a 698.1 ± 48.1 36.8 ± 2.8
10 169.4 ± 12.1a 9.0 ± 0.4a 1355.2 ± 96.2 72.1 ± 3.1

Fig. 1   Orostachys cartilaginous 
cells were cultured in different 
size bioreactors and harvested 
after 25 days of bioreactor 
culture
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were obtained in 3, 5, and 10 L bioreactors, respectively 
(Table 1). The flavonoid accumulation in cells were simi-
lar to cell growth, in which the contents and productivities 
of total flavonoids were not affected by the bioreactor size. 
Approximately 200 mg/L total flavonoids were produced in 
each bioreactor (Fig. 2). The finding demonstrated that bio-
reactor culture conditions were applicable among different 
size bioreactors during the cell culture of O. cartilaginous. 
This result indicated a feasibility of using the current culture 
conditions in further pilot-scale culture.

Effect of MeJA on flavonoid accumulation

In our preliminary test, the elicitation effect of MeJA on 
flavonoid accumulation of O. cartilaginous cells was inves-
tigated and found that the 100 μM was the suitable MeJA 
concentration. Thus, the100 μM of MeJA was used to treat 
the 25-day-old cells in the present experiment. After MeJA 

treatment, cell FW and DW did not significantly change 
within 72 h (Table 2), but flavonoid accumulation obviously 
changed with elicitation times. Figure 3 exhibits that the 
total flavonoid contents increased with the prolonged dura-
tion of MeJA treatment from 0 to 48 h, peaked (31.6 mg/g 
DW) at 48 h, and then decreased afterwards. However, the 
flavonoid contents in the control group did not exert change. 
The contents of five flavonoid monomers (e.g., Qc, Ke, Egc, 
Qc-3-O-glc, and Ke-3-rut) between groups of MeJA and 
control at 48 h were compared. Table 3 shows that contents 
of Qc, Ke, Egc, Qc-3-O-glc, and Ke-3-rut in the MeJA group 
were significantly higher than those in the control group. 
Moreover, relatively high contents of Qc-3-O-glc and Ke-
3-rut were determined after MeJA treatment. The data dem-
onstrated that MeJA could improve flavonoid accumulation 
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Fig. 2   Total flavonoid contents and productivities in Orostachys car-
tilaginous cells harvested from different size bioreactors after 25 days 
of culture. Data are the mean ± standard deviation (n = 3). The differ-
ent letters within the same column indicate significant difference by 
Duncan’s multiple test at 5% level

Table 2   Effect of duration of methyl jasmonate (MeJA) treatments on 
biomass of Orostachys cartilaginous cells

The 25-day-old bioreactor cultured cells were treated with filter-ster-
ilized 100 μM MeJA. Data are the mean ± standard deviation (n = 3). 
The different letters within the same column indicate significant dif-
ference by Duncan’s multiple test at 5% level

Duration of MeJA 
treatment (h)

Fresh weight (g/L) Dry weight (g/L)

0 139.48 ± 0.02a 4.52 ± 0.03a

12 143.36 ± 0.03a 4.25 ± 0.02a

24 141.91 ± 0.70a 4.73 ± 0.03a

36 144.65 ± 0.35a 4.60 ± 0.02a

48 144.16 ± 0.62a 4.84 ± 0.03a

60 147.46 ± 1.77a 4.81 ± 0.04a

72 144.92 ± 0.44a 4.35 ± 0.03a
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Fig. 3   Changes of total flavonoid contents in Orostachys cartilagi-
nous cells with duration of methyl jasmonate (MeJA) treatment. The 
25-day-old bioreactor cultured cells were treated with filter-steri-
lized MeJA (100 μM) in MeJA group and equal amount of sterilized 
water was added to culture medium in control group. Data are the 
mean ± standard deviation (n = 3). *Indicates statistically significant 
difference between groups of MeJA and control at 48 h by Student’s 
t-test at 5% level

Table 3   Comparison of flavonoid monomer contents in Orostachys 
cartilaginous cells between groups of methyl jasmonate (MeJA) and 
control

The 25-day-old bioreactor cultured cells were treated with filter-ster-
ilized MeJA (100 μM) for 48 h in MeJA group and equal amount of 
sterilized water was added to culture medium in control group. Data 
are the mean ± standard deviation (n = 3).
*Indicates statistically significant difference between MeJA and con-
trol groups for each compound by Student’s t-test at 5% level

Flavonoids Content (mg/g DW)

MeJA Control

Quercetin 0.76 ± 0.06* 0.21 ± 0.01
Kaempferide 0.84 ± 0.04* 0.24 ± 0.04
Epicatechin gallate 1.55 ± 0.10* 0.57 ± 0.07
Quercetin-3-O-glucose 2.05 ± 0.10* 0.62 ± 0.02
Kaempferol-3-rutinoside 4.71 ± 0.10* 2.20 ± 0.20
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during the cell culture of O. cartilaginous and 48 h-elicita-
tion was the most efficient for flavonoid accumulation.  

Changes of NO and NR in cells

One of the early responses of cells to elicitor treatment was 
the rapid production of NO (Xu and Dong 2005). There-
fore, this experiment investigated the kinetic of NO gen-
eration in cells after MeJA treatment. Figure 4a shows that 
MeJA-induced NO burst, and the burst mainly occurred at 
the initial 14 h. Within 6 h after MeJA treatment, NO con-
tents in cells elevated with the duration of MeJA treatment, 
thereby reaching the maximum value (3.5 μg/g) at 6 h, which 
was about approximately threefold more than the control. 
In the control group, NO contents of cells did not change 
obviously.

The kinetics of NR activity were investigated to further 
understand whether NO burst was affected by the NR path-
way. Result showed that NR activity increased with the dura-
tion of MeJA treatment, peaked at 6 h, decreased from 6 to 
20 h, and then remained stable afterwards (Fig. 4b). This 
pattern matched with the NO generation.

Effect of NR inhibitors on NO content and NR activity

NR inhibitors (TUN and Gln) together with MeJA were used 
to treat O. cartilaginous cells for 6 h, and NR activity and 
NO content in cells were determined. Figure 5 shows that 
NO content (Fig. 5a) and NR activity (Fig. 5b) increased 
after MeJA treatment. However, they were blocked by TUN 
and Gln, indicating that NO generated by the NR catalyzes 
during MeJA elicitation in O. cartilaginous cell culture.
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(n = 3). The different letters within the same column indicate signifi-
cant difference by Duncan’s multiple test at 5% level
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Verification of NO involvement in MeJA‑induced 
flavonoid synthesis through NR pathway

The occurrence of NO burst by NR catalysis in MeJA-stimu-
lated cells of O. cartilaginous was investigated in the afore-
mentioned experiment. To prove the involvement of NO in 
MeJA-induced flavonoid synthesis through NR pathway, O. 
cartilaginous cells were treated with MeJA, NR inhibitors 
(TUN and Gln), and the NO donor (SNP), as well as their 
combinations, and effects on flavonoid contents were deter-
mined. Figure 6 shows that contents of the five flavonoid 
monomers increased in MeJA group. However, this incre-
ment effect was eliminated by the TUN (MeJA + TUN) or 
Gln (MeJA + Gln). An elevation of flavonoid contents was 

found again when MeJA + TUN/Gln was combined with a 
NO donor of SNP. Consequently, the involvement of NO 
in MeJA-induced flavonoid synthesis through NR pathway 
was verified.

Discussion

The ultimate aim of bioreactor culture experiments in the 
laboratory is to apply the optimized conditions in the further 
pilot-scale culture. Therefore, data from many laboratorial 
experiments could serve as reference in the pilot-scale cul-
ture to maximize target metabolite production (Murthy et al. 
2014). Therefore, studies have often conducted bioreactor 

Fig. 6   Effect of the NR inhibi-
tors [(tungstate (TUN) and glu-
tamine (Gln)] and NO donor 
[sodium nitroprusside (SNP)] 
on methyl jasmonate (MeJA)-
induced flavonoid synthesis 
in Orostachys cartilaginous 
cells. The filter-sterilized MeJA 
(100 μM), TUN (0.5 mM), Gln 
(0.5 mM), and SNP (0.5 mM) 
were used to treat 25-day-old 
bioreactor cultured cells; an 
equal amount of sterilized 
water was added to the culture 
medium in control group. Data 
are the mean ± standard devia-
tion (n = 3). The different letters 
within the same column indicate 
significant difference by Dun-
can’s multiple test at 5% level
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size experiments, among which a good adaptation was found 
in different size bioreactors and have even successfully oper-
ated the large-scale bioreactor culture. A typical example is 
Thanh et al. (2014), where ginseng cells were cultured in 500 
L and 1,000 L airlift bioreactors depending on the results of 
5 L and 10 L bioreactor culture, and 6.2 kg DW with a total 
saponin production of 7.86 mg/g DW was obtained in 500 
L bioreactor. Similarly, 13.2 kg DW with a total saponin 
production of 7.75 mg/g DW were also obtained in 1,000 L 
bioreactor. In this study, the cell biomass correspondingly 
increased with bioreactor sizes and flavonoid content was 
equal. This finding agrees with the result of Thanh et al. 
(2014) and proposes a feasibility of the laboratorial culture 
conditions used in the pilot-scale culture of O. cartilaginous 
cells in the future.

MeJA, as an abiotic elicitor, has been extensively used to 
improve secondary metabolite production during plant cell 
culture. For instance, Mendoza et al. (2018) treated 4-day-
old cell cultures of Thevetia peruviana with 3 μM MeJA and 
produced the highest contents of phenolics and flavonoids. 
Wang et al. (2015) observed that the highest flavonoid pro-
duction was found when 100 μM MeJA was added to the cul-
ture medium after 15 days of cell culture of Hypericum per-
foratum and treated for 5 days. In this study, the maximum 
flavonoids were obtained when 25-day-old cells were treated 
with 100 μM MeJA for 48 h. These findings suggested that 
the times responded to the MeJA differ depending on the 
culture systems, a result that requires the selection of the 
suitable times of MeJA treatment to achieve the maximum 
production of the desired compounds.

At present, although elicitation effects of MeJA during 
the plant cell culture have been repeatedly reported, signal-
ing molecules regarding MeJA-induced metabolite synthesis 
have rarely been investigated, and its molecular mechanism 
is unclear. Studies proved that secondary metabolites were 
accumulated in stress-induced plant cells by the effects of 
various endogenous signaling molecules (Wang and Wu 
2005). NO burst is the common defense of plant cells against 
biotic or abiotic elicitor stresses (Gupta et al. 2013; Li et al. 
2017; Modolo et al. 2002; Mostofa et al. 2015). Studies have 
indicated that elicitor can induce many defense responses, 
such as the expression of defense gene and hypersensitive 
response in plant cells of numerous species (Hu et al. 2003; 
Modolo et al. 2002), and the elicitation effect can be blocked 
by the NO scavengers (Delledonne et al. 2001; Hu et al. 
2003), thereby suggesting that NO is the necessary mol-
ecule in the elicitor-induced defense response of the plant 
cells. Similar result was found in the study of O. cartilagi-
nous cell culture, that is, NO burst appeared at an early stage 
and peaked 6 h after MeJA treatment. Flavonoid contents 
increased with the MeJA treatments and peaked at 48 h.

Various pathways of NO generation have been presented 
in plant cells, including NR. The NR can convert nitric acid 

to NO via the NR activation by stresses (Yamasaki et al. 
1999), thereby indicating that NR is the important source of 
NO generation. To date, studies regarding MeJA-induced 
metabolite synthesis reported that NO production was 
affected by NOS activation (Wang and Wu 2005). However, 
the effect of NR has not been investigated yet. In this study, 
we investigated kinetics of NR activity and effects of NR 
inhibitors (TUN and Gln) on NR activity and NO content in 
MeJA-stimulated cells to clarify whether NR is the neces-
sary factor for NO generation in MeJA-induced flavonoid 
synthesis during the O. cartilaginous cell culture. Our result 
showed that the kinetics of NR activity were similar to the 
NO content, that is, NR activity increased with MeJA treat-
ment times and peaked 6 h after MeJA treatment, indicating 
that NR was activated by the MeJA stimulation. However, 
NR activity in MeJA-treated cells was inhibited by TUN and 
Gln, which were NR inhibitors that simultaneously inhibited 
MeJA-induced NO burst. This finding suggests that NR is 
the necessary pathway of NO generation during the culture 
of MeJA-stimulated cells of O. cartilaginous. Furthermore, 
the effects of NR inhibitors (TUN and Gln) and NO donor 
(SNP) were investigated to prove whether the NO was the 
necessary molecule in MeJA-induced flavonoid synthesis. 
The result showed that TUN and Gln blocked MeJA-induced 
flavonoid synthesis, which is matched with their effects on 
NO generation. In addition, the inhibited flavonoid synthesis 
by NR inhibitors was restored by the SNP. Similar result was 
found in an elicitation study of Lu et al. (2011), who demon-
strated that NR was involved in the fungal elicitor-triggered 
NO generation and fungal elicitor-induced camptothecin 
production of Camptotheca acuminata cells dependently 
on NR-mediated NO generation. Consequently, this study 
speculated that NR-mediated NO generation and involved 
in MeJA-induced flavonoid synthesis during O. cartilagi-
nous cell culture. However, the further experiments should 
be employed using various test tools for validation of the 
finding of the present study.

Conclusion

Cell biomass increased correspondingly with bioreactor 
sizes and total flavonoid contents were approximately equal 
in 3, 5, and 5 L bioreactors, thereby indicating a feasibil-
ity of using the current culture conditions in further pilot-
scale culture. MeJA improved flavonoid synthesis, and the 
maximum flavonoid content was determined at 48 h of MeJA 
treatment. The burst of NO was identified at the early stage 
of MeJA elicitation, peaked at 6 h. In MeJA-stimulated cells, 
NR inhibitors (TUN and Glu) blocked NO generation, and 
the flavonoid synthesis was also inhibited. However, such 
inhibition of flavonoid synthesis was relieved by a NO donor 
(SNP). Therefore, this study suggested that NO was involved 
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in MeJA-induced flavonoid synthesis through NR pathway 
during O. cartilaginous cell culture. Our finding has a criti-
cal significance in understanding the defense mechanism 
response stimulated by an abiotic elicitor of MeJA and pro-
vides a new strategy that regulates NO burst and flavonoid 
synthesis by controlling the NR activity.
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