
Vol.:(0123456789)1 3

Plant Cell, Tissue and Organ Culture (PCTOC) (2019) 139:199–206 
https://doi.org/10.1007/s11240-019-01676-6

RESEARCH NOTE

Bioreactor type affects the accumulation of phenolic acids 
and flavonoids in microshoot cultures of Schisandra chinensis (Turcz.) 
Baill.

Agnieszka Szopa1  · Adam Kokotkiewicz2 · Marcelina Bednarz1 · Karolina Jafernik1 · Maria Luczkiewicz2 · 
Halina Ekiert1

Received: 14 March 2019 / Accepted: 20 August 2019 / Published online: 28 August 2019 
© The Author(s) 2019

Abstract
Microshoots of the East Asian medicinal plant species Schisandra chinensis (Chinese magnolia vine) were grown in bioreac-
tors characterized by different construction and cultivation mode. The tested systems included two continuous immersion 
systems—a cone-type bioreactor (CNB) and a cylindric tube bioreactor (CTB), a nutrient sprinkle bioreactor (NSB), and two 
temporary immersion systems (TIS)—RITA® and Plantform. Microshoots were grown for 30 and 60 days in the MS medium 
enriched with 1 mg l−1 NAA and 3 mg l−1 BA. The accumulation of two groups of phenolic compounds: phenolic acids and 
flavonoids in the bioreactor-grown S. chinensis biomass, was evaluated for the first time. In the microshoot extracts, seven 
phenolic acids: chlorogenic, gallic, p–hydroxybenzoic, protocatechuic, syringic, salicylic and vanillic, and three flavonoids: 
kaempferol, quercitrin and rutoside, were identified. The highest total amount of phenolic acids (46.68 mg 100 g−1 DW) 
was recorded in the biomass maintained in the CNB for 30 days. The highest total content of flavonoids (29.02 mg 100 g−1 
DW) was found in the microshoots maintained in the NSB for 30 days. The predominant metabolites in all the tested systems 
were: gallic acid (up to 10.01 mg 100 g−1 DW), protocatechuic acid (maximal concentration 16.30 mg 100 g−1 DW), and 
quercitrin (highest content 21.00 mg 100 g−1 DW).

Key message 
The influence of bioreactor type on the accumulation of phenolic acids and flavonoids in microshoot cultures of Schisandra 
chinensis was proven and optimized.

Keywords Plant-dedicated bioreactors · Chinese magnolia vine · Schizandra · Phenolic secondary metabolites · 
Protocatechuic acid · Quercitrin

Abbreviations
ADB  Accumulated dry biomass
BA  6-Benzyladenine
CNB  Cone-type bioreactor
CTB  Cylindric tube bioreactor

DW  Dry weight
FW  Fresh weight
Gi  Growth index
HPLC–DAD  High-performance liquid chromatography 

coupled with diode-array detection
NAA  1-Naphthaleneacetic acid
µ  Specific growth rate
MS  Murashige and Skoog
NSB  Nutrient sprinkle bioreactor
TCM  Traditional Chinese medicine
TIS  Temporary immersion systems

Research on secondary metabolites production in bioreac-
tor-grown biomasses, constitute an important topic in plant 
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biotechnology. The results of such studies are important 
from a practical point of view and the prospects of produc-
ing valuable, biologically active metabolites in such systems 
continue to draw scientists’ attention (Verpoorte et al. 2002; 
Karuppusamy 2009). The latest studies have demonstrated 
the possibility of large-scale production of metabolites like: 
artemisinin (antimalarial drug) in cultures of Artemisia 
annua grown in a specially-designed stirred tank bioreac-
tor, plumbagin (anticancer compound) in Plumbago rosea 
cultures maintained in a customized reaction kettle (Jose 
et al. 2016), and steviol glycosides (low-calorie glucoside 
sweeteners) in Stevia rebaudiana cultures grown in a tempo-
rary immersion bioreactor (Vives et al. 2017). In all studies 
involving large-scale in vitro systems, the selection of proper 
bioreactor type and optimization of process parameters is 
crucial for maximizing secondary metabolite production.

The role of plant-derived phenolic substances in diverse 
areas such as medicine, cosmetology and food industry, is 
invaluable. Secondary metabolites like flavonoids and phe-
nolic acids exhibit many important, scientifically proven, 
biological activities, e.g. antioxidant (Young and Woodside 
2001; Krishnaiah et al. 2011), anti-inflammatory (Zhang 
and Tsao 2016), or anticancer (Roleira et al. 2015). These 
compounds are used either in pure form or as constituents 
of herbs, plant extracts and functional foods.

In the current study, highly differentiated microshoot 
cultures of rare, East Asian plant species—Schisandra 
chinensis (Turcz.) Baill. (Chinese magnolia vine) were 

investigated as a source of flavonoids and phenolic acids. 
S. chinensis fruits constitute raw pharmacopoeial mate-
rial and are especially well-known in the traditional med-
icine of East-Asian counties. However, they have also 
been included in current phytotherapy all over the world 
(Barnes and Anderson 2007; World Health Organization 
2007; European Directorate for the Quality of Medicines 
2017; Szopa et al. 2017a). Their medicinal properties, e.g. 
hepatoprotective, immunostimulant, adaptogenic and anti-
cancer, are determined mainly by the presence of diben-
zocyclooctadiene type lignans (aka “schisandra lignans”), 
a Schisandra genus-specific group of secondary metabo-
lites (Opletal et al. 2004; Szopa et al. 2017a). However, 
recent studies have demonstrated that phenolics present 
in S. chinensis act synergistically with lignans, thus serv-
ing as co-adjuvants and increasing biological activities 
of the plant (Szopa and Ekiert 2012; Cheng et al. 2013; 
Mocan et al. 2014). The compounds of particular interest 
are phenolic acids and flavonoids which themselves exhibit 
beneficial biological effects.

In this study, in vitro microshoot cultures of S. chinensis 
were evaluated for the production of phenolic compounds 
in five bioreactors designed for differentiated plant in vitro 
cultures (systems nomenclature after Kim et al. 2004; Ste-
ingroewer et al. 2013). Of these, three were custom-made 
systems: a cone-type balloon bioreactor (CNB) a cylindrical 
tube bioreactor (CTB) with internal rack for biomass immo-
bilization and a nutrient sprinkle bioreactor (NSB), and two 

Fig. 1  Microshoot cultures of Schisandra chinensis grown in different bioreactor systems: a cone-type bioreactor (CNB); b cylindric tube biore-
actor (CTB); c nutrient sprinkle bioreactor (NSB); d  RITA® bioreactor (open lid); e Plantform bioreactor (open lid)
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were commercially available, temporary immersion bioreac-
tors—RITA® (Vitropic, France) and Plantform (PlantForm, 
Sweden) (Fig. 1). The construction details and setup of the 
bioreactors had been described by us previously (Szopa et al. 
2017c). To our knowledge, this is the first work aimed at 
optimizing conditions for favourable biomass growth and 
phenolic acids and flavonoids production in bioreactor-
grown S. chinensis microshoots.

As described previously, the microshoots were cultivated 
in the Murashige & Skoog (MS) medium (Murashige and 
Skoog 1962) supplemented with 1.0 mg l−1 1-naphthalene 
acetic acid (NAA) and 3.0 mg l−1 6-benzyladenine (BA), 
which had previously been demonstrated to provide the best 
biomass growth and secondary metabolites production in S. 
chinensis in vitro cultures (Szopa and Ekiert 2013, 2015; 
Szopa et al. 2016). All bioreactor systems were inoculated at 
3/100 w/v ratio which corresponds to 15 g of microshoots per 
500 ml of medium in CNB, CTB, NSB and Plantform bio-
reactors, and 6 g of microshoots per 200 ml of medium for 
 RITA® container. The cultures were grown in constant arti-
ficial light (Philips fluorescent white lamps, 90 ± 2 μmol m−2 
 s−1), at 24 ± 2 °C. The bioreactor cultures were maintained 
for 30 and 60 days and the collected biomasses were evalu-
ated for growth parameters including fresh (FW) and dry 
(DW) weight, growth index (Gi), accumulated dry biomass 
(ADB) and specific growth rate (µ). The recorder values 
and formulae used are presented in Table 1. Afterwards, 
the microshoots and corresponding media samples (40 ml) 
were freeze dried (Lyovac GT2, Finland) and subjected to 

phytochemical analysis. The bioreactor experiments were 
done in four repetitions.

The lyophilized and pulverized biomass samples (0.5 g 
from each bioreactor, four samples for each bioreactor 
type) were extracted with methanol (50 ml) for 2 h under 
reflux condenser (Harborne 1984). The extracts were 
transferred to crystallizers through a filter paper (What-
man paper) and left at room temperature to evaporate the 
solvent. The dry residue was dissolved in 2 ml of metha-
nol (HPLC grade purity, Merck) and subjected to HPLC 
analysis.

Qualitative and quantitative HPLC–DAD analyses were 
performed according to the previously published protocols 
(Ellnain-Wojtaszek and Zgorka 1999; Sułkowska-Ziaja 
et al. 2017; Szopa et al. 2017b). The equipment used and 
method parameters were as follows: HPLC–DAD sys-
tem (Merck-Hitachi), Purospher Merck analytical RP-18 
column (4 × 250 mm, 5 µm), mobile phase (gradient pro-
gram): A—methanol with 0.5% acetic acid (1:4 v/v); B—
methanol, flow—1 ml min−1, injection—10 µl, λ—254 nm, 
temp. 25 °C. The compounds were identified by co-chro-
matography with reference substances and comparison 
of their retention times and quantified using calibration 
curves. The phenolic acid standards (including benzoic 
and cinnamic acid and their derivatives) were as follows 
 (tr values in minutes): gallic (3.86), neochlorogenic (4.98), 
protocatechuic (5.91), 3,4-dihydroxyphenylacetic (6.93), 
gentisic (10.00), chlorogenic (11.20), p-hydroxybenzoic 
(12.53), hydrocaffeic (15.37), vanillic (16.44), caffeic 

Table 1  Growth parameters of Schisandra chinensis microshoots maintained for 30 and 60 days in different bioreactor systems

Growth parameters of Schisandra chinensis microshoots maintained for 30 and 60 days in different bioreactor systems: FW fresh weight; DW 
dry weight; Gi growth index; ADB accumulated dry biomass; µ specific growth rate and biomass productivity
a According to (Grzegorczyk and Wysokińska 2008): Gi = [(Fw1–Fw0)/Fw1], where Gi is the growth index,  Fw1 is the weight of microshoots at 
the end of experiment and  Fw0 is the fresh weight of the inoculum
b According to (Pavlov et al. 2007): ADB = FDB–IDB where ADB is the accumulated dry biomass (in g/L), FDB is the final dry biomass (g/L) 
and IDB is the initial dry biomass (g/L)
c According to (Homova et al. 2010): μ = ln(X/X0)/Δt where μ is the specific growth rate (1/d),  X0 and X are the initial and final biomasses (g/l) 
and Δt is the culture time interval (d)

Bioreactor type Growth 
period (days)

FW (g l−1) DW (g l−1) Gia ADB (g l−1)b µ  (d−1)c Biomass pro-
ductivity (g l−1 
 d−1)

CNB 30 120.29 ± 17.15 6.88 ± 0.93 3.01 ± 0.57 4.68 ± 0.93 0.0377 ± 0.0048 0.229 ± 0.031
60 266.99 ± 25.55 15.41 ± 0.88 7.90 ± 0.85 13.21 ± 0.88 0.0324 ± 0.0010 0.257 ± 0.015

CTB 30 128.09 ± 22.80 8.08 ± 0.94 3.22 ± 0.75 5.87 ± 0.94 0.0431 ± 0.0040 0.269 ± 0.031
60 233.91 ± 13.30 14.63 ± 0.71 6.73 ± 0.47 12.43 ± 0.71 0.0315 ± 0.0008 0.244 ± 0.012

NSB 30 126.34 ± 20.30 7.76 ± 1.00 3.21 ± 0.68 5.56 ± 1.00 0.0417 ± 0.0043 0.259 ± 0.033
60 274.01 ± 21.13 15.50 ± 0.43 8.13 ± 0.70 13.29 ± 0.43 0.0325 ± 0.0005 0.258 ± 0.007

RITA® 30 134.62 ± 5.84 7.49 ± 0.21 3.49 ± 0.19 5.28 ± 0.21 0.0408 ± 0.0009 0.250 ± 0.007
60 353.37 ± 20.04 17.86 ± 0.72 10.78 ± 0.67 15.65 ± 0.72 0.0349 ± 0.0007 0.298 ± 0.012

Plantform 30 105.78 ± 3.68 6.23 ± 0.18 2.53 ± 0.12 4.02 ± 0.18 0.0346 ± 0.0010 0.208 ± 0.006
60 294.19 ± 19.30 17.07 ± 1.14 8.81 ± 0.64 14.86 ± 1.14 0.0341 ± 0.0011 0.284 ± 0.019
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(17.83), syringic (20.14), ferulic (30.28), salicylic (31.76), 
p-coumaric (34.31), sinapic (35.41), o-coumaric (36.62), 
m-coumaric (37.81), isoferulic (39.18) and rosmarinic 
(44.32) acids (Sigma-Aldrich, USA). Standards used to 
estimate flavonoids included  (tr values in minutes): vitexin 
(42.07), cynaroside (43.57), hyperoside (46.04), myrice-
tin (48.01), rutoside (49.26), quercitrin (50.29), apigetrin 
(53.27), trifolin (54.47), quercetin (58.32), luteolin (60.97) 
and kaempferol (64.42) (Sigma-Aldrich, USA). The results 
were statistically analyzed with one-way ANOVA and the 
Tukey’s range test (Statistica 12, Poland).

In all the types of bioreactors employed, S. chinensis 
microshoots showed vigorous growth, and no necrosis or 
medium browning was observed (Fig. 1). After the bio-
masses were collected, their growth parameters were deter-
mined (Table 1). The Gi parameter ranged from 2.53 to 3.49 
and from 6.73 to 10.78 for microshoots cultivated for 30 
and 60 days, respectively. Of the custom made systems, the 
NSB yielded the highest ADB after 60 days of cultivation. 
In terms of Gi, ADB and biomass productivity, the TIS bio-
reactors performed substantially better than other systems 
employed. The highest biomass increments were obtained 
with  RITA® bioreactors which was reflected by high values 
of all growth parameters, most notably ADB and biomass 
productivity (Table 1).

Based on HPLC-DAD quantitative analyses, the total 
contents of phenolic acids varied from 19.16 mg 100 g−1 
DW (CTB, 60-day growth period) to 46.68 mg 100 g−1 DW 
(CNB, 30-day growth period). Comparing the amounts of 
phenolic acids, we found that the highest total quantities 
were obtained in biomass of the cultures grown over 30-day 
growth periods in all the tested types of bioreactor. The max-
imal total amount of phenolic acids achieved in biomass 
extracts from the CNB bioreactor was, respectively, 1.50, 
1.18, 1.43 and 1.35 times higher than in the CTB, NSB, 
 RITA® and Plantform bioreactors (Table 2).

Out of the nineteen phenolic acids, the analyses con-
firmed the presence of seven compounds: chlorogenic, gal-
lic, p-hydroxybenzoic, protocatechuic, syringic, salicylic and 
vanillic acids (Table 2). The quantities of individual phenolic 
acids ranged from 0.72 mg 100 g−1 DW for syringic acid 
(CTB, 60-day growth period) to 16.30 mg 100 g−1 DW for 
protocatechuic acid (CNB, 30-day growth period). Besides 
protocatechuic acid, a considerable amounts of gallic acid 
(maximal 10.01 mg 100 g−1 DW, CNB, 30-day growth 
period) and salicylic acid (maximal 6.74 mg 100 g−1 DW, 
SB, 30-day growth period) were also confirmed (Table 2).

The total amounts of estimated flavonoids ranged from 
12.90 mg 100 g−1 DW (CTB, 60-day growth period) to 
29.02 mg 100 g−1 DW (NSB, 30-day growth period). Com-
paring the amounts of flavonoids in the respective systems, 
we found that the highest total contents were obtained in 
microshoots grown over 30-day growth periods in all the 

tested types of bioreactor. The maximal total amount of fla-
vonoids achieved in biomass extracts from the NSB bioreac-
tor was, respectively, 1.40, 1.32, 1.36 and 1.42 times higher 
than in the CNB, CTB,  RITA® and Plantform bioreactors 
(Table 3).

From the eleven flavonoids estimated, three compounds 
were found: kaempferol, quercitrin and rutoside (Table 3). 
The quantities of kaempferol ranged from 0.18 mg 100 g 
−1 DW (CTB, 60-day growth period) to 6.49 mg 100 g −1 
DW (SB, 30-day growth period), and rutoside from 0.88 mg 
100 g −1 DW (CTB, 60-day growth period) to 1.87 mg 100 g 
−1 DW (Plantform, 30-day growth period). Quercitrin was 
the main metabolite; its amounts ranged from 11.85 mg 
100 g −1 DW (CTB, 60-day growth period) up to 21.00 mg 
100 g −1 DW (NSB, 30-day growth period) (Table 3).

In all experiments, none of the estimated phenols were 
found in the media samples, indicating that the investigated 
compounds were stored solely intracellularly.

Our study proved that biomass growth and secondary 
metabolite contents in S. chinensis microshoots depended on 
the type of bioreactor used and its mode of operation, includ-
ing medium circulation and aeration, which is in agreement 
with previous reports (Liu et al. 2003; Zobayed et al. 2004; 
Paek et al. 2005), including our work on the production of 
dibenzocyclooctadiene type lignans in bioreactor-grown S. 
chinensis microshoots (Szopa et al. 2017c). In that study, 
the best conditions were provided by the Plantform bioreac-
tor, in which, during a 30-day growth period, microshoots 
had accumulated the highest amounts of lignans (546.98 mg 
100  g −1 DW), with gomisin A, deoxyschisandrin and 
schisandrin as the major constituents (67.86, 77.66 and 
118.59 mg 100 g −1 DW, respectively) (Szopa et al. 2017c). 
As mentioned before, the pharmacological action of S. chin-
ensis is the result of synergistic action of all the plant’s com-
ponents; in this case, phenolic compounds seem to play a 
major role besides lignans (Mocan et al. 2014; Szopa et al. 
2017b). We had proved before that different types of in vitro 
cultures of S. chinensis were able to produce phenolic acids 
and flavonoids, and that their yield depended on the in vitro 
conditions used, such as the basal media formulation, con-
centration of phytohormones, duration of the growth period, 
lighting conditions, as well as the mode of cultivation (agar, 
agitated, stationary liquid) (Szopa and Ekiert 2012, 2016; 
Szopa et al. 2017b).

Under the current study, we made the first step towards 
scaling-up the production of phenolic compounds using S. 
chinensis microshoot cultures. Of the tested systems, the 
 RITA® TIS bioreactor provided the highest biomass yields 
(Table 1). However, the total phenolic acids content was 
considerably greater in the CNB (Table 2), while that of 
flavonoids in the NSB (Table 3). In the CNB system, aer-
ation-induced mechanical stress caused by tissue-medium 
contact resulted in lower biomass growth (Gi equal to 3.01 
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and 7.90, after 30- and 60-day growth cycles, respectively) 
(Table 1), but also in higher production of phenolic acids 
(Table  2). Phenolic compounds are the plant’s “stress 
metabolites”, hence the high production (Halliwell 2003, 
2007; Akula and Ravishankar 2011). Moreover, it is worth 
noting that the ‘bubble (air-lift) bioreactors’ had been suc-
cessfully applied before for the production of caffeic acid 
derivatives in Echinacea purpurea adventitious root cultures 
(Jeong et al. 2009), ginsenosides in adventitious root cul-
tures of Panax ginseng (Kim et al. 2004) as well as phenolic 
acids and flavonoids in Eleutherococcus senticosus somatic 
embryos (Shohael et al. 2006).

In this study, the gas-phase nutrient sprinkle bioreac-
tor (NSB) proved to be the best for flavonoid production 
(Table 3). The characteristic feature of this bioreactor design 
is the lack of mechanical stress exerted on growing biomass, 
as well as good gas circulation and nutrient accessibility 
(Steingroewer et al. 2013; Georgiev et al. 2014). Similar to 
our study, the correlative experiment on Artemisia annua 
in vitro shoots had showed an improvement in artemisinin 
output in a gas-phase bioreactor (Liu et al. 2006). Moreover, 
shoots grown in a nutrient sprinkle bioreactor have been 
employed for effective biomass growth and production of 
phenolic compounds, expressed as total phenolic acids and 
flavonoids, in medicinal plants such as Rehmannia glutinosa 
(Piątczak et al. 2014) and Scutellaria alpina (Grzegorczyk-
Karolak et al. 2017).

To conclude, our work showed that S. chinensis in vitro 
microshoots grown in different types of bioreactors (Fig. 1, 
Table 1), could provide biologically active phenolic com-
pounds. Moreover, we proved, for the first time, the influ-
ence of bioreactor type on the phenolic acid and flavonoid 
production in S. chinensis biomass (Tables 2 and 3). The 
obtained results are thus a good starting point for further 
studies, involving scale-up experiments.
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