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Abstract Polygonum multiflorum Thunb. is an impor-
tant medicinal plant that synthesizes an array of phenolic
compounds. Its roots are used in a variety of pharmacologi-
cal and cosmetic formulations, notably as hair dye. In the
present study, the inoculum density (3—-15 g/L) and cul-
ture period (1-7 weeks) were optimized in a 3 L bioreac-
tor. High root biomass (14.18 g/L dry weight (DW)) was
recorded with an inoculum of 7 g/L (p <0.05), which is
consistent with the results for 5 and 10 g/L. However, sig-
nificantly higher yield of bioactive compounds (53.87 mg/g
DW total phenolics and 27.96 mg/g DW total flavonoids)
with high free radical scavenging activity was obtained in
root samples from 5 g/L inoculum density. A 4 week cul-
ture period was sufficient for optimum root growth and
metabolite production. The optimized conditions were
used for large-scale (5 and 20 L) and pilot-scale (500 L)
studies. Considering that the continuous aeration of root
cultures may lead to oxidative stress, antioxidant enzyme
activity and lipid peroxidation also were studied. The
results revealed high catalase (CAT) and guaiacol peroxi-
dase (G-POD) activities, and low malondialdehyde (MDA)
production, with increasing culture scale (20 and 500 L),
which may indicate low-level oxidative damage to the cul-
tures. An optimal yield of 4.01 kg dry root biomass with
287.12 mg/L of total phenolic productivity was achieved
in a 500 L pilot-scale bioreactor. This work can pave the
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way for commercial production of biomass and second-
ary metabolites at the industrial level, and meet the rising
demand for natural ingredients, especially in the pharma-
ceutical and cosmetic industries.
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Introduction

Polygonum multiflorum Thunb. (family Polygonaceae) is
an important medicinal herb of Southeast Asia. Various
plant parts are used for specific therapeutic purposes such
as antiaging, antidiabetic, anticancer, anti-inflammatory,
antimicrobial, and antioxidant (Bounda and Feng 2015).
In traditional Chinese medicine, P. multiflorum has been
advocated as a tonic for growth and as a hair dye (Han
et al. 2015). It is known to contain a range of bioactive
compounds such as anthraquinones, stilbenes, flavonoids,
tannins, and phospholipids (Li et al. 2015). However, the
rising demand for these bioactive compounds led to over-
exploitation of natural habitat. Alternative production sys-
tems must be identified for these bioactive compounds. The
production of biologically active metabolites using plant
cell and organ culture is an attractive and reliable proposi-
tion. Scientific advances in plant biotechnology have led to
a better understanding of in vitro conditions and scale-up
processes. This is evident from the industrial production
of paclitaxel, ginsenosides, and berberine using plant cell
and tissue culture (Paek et al. 2009; Murthy et al. 2014d).
Metabolic production and biosynthetic pathways are spe-
cific for plant species, tissue, or organ, for specific growth
and developmental stages, and for specific macro—micro
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environmental conditions of culture (Paek et al. 2005; Mur-
thy et al. 2014c). A number of in vitro investigations using
plant cell cultures are available in the literature, which
focus on optimizing factors and parameters to obtain high
metabolic yield (Murthy et al. 2014d). However, low pro-
ductivity, altered metabolic profile, and cell line instability
are big threats to the industrial feasibility of such processes.
In addition to advances in plant cell culture, recent suc-
cesses in large-scale bioreactor production of several plant
secondary metabolites through adventitious root culture
seems to be a promising approach (Paek et al. 2009). Com-
pared with cell cultures, adventitious roots displayed higher
stability of secondary metabolite biosynthesis with high
growth rates (Sivakumar 2006). In vitro factors like culture
medium properties, hormonal balance, gaseous composi-
tion, growth kinetics, inoculum density, and culture period
are important for scale-up and vary from species to spe-
cies (Murthy et al. 2008; Baque et al. 2012). In the present
study, different process parameters were optimized and suc-
cessfully employed for pilot-scale production of P. multiflo-
rum adventitious roots.

Materials and methods
Adventitious root culture

The adventitious root cultures of P. multiflorum were main-
tained in liquid MS (Murashige and skoog 1962) medium
supplemented with 9.84 uM indole-3-butyric acid (IBA)
and 50 g/L sucrose. Culturing was performed in a bal-
loon-type bubble (air-lift) bioreactor (BTBB) (Lee et al.
2015). These root cultures were regularly subcultured with
a 4 week interval and maintained at 24+ 1°C under dark
conditions.

Optimization of inoculum density, culture period,
and scale-up

The adventitious roots were cultivated for 4-weeks at dif-
ferent inoculum densities (3, 5, 7, 10, and 15 g/LL FW) to
identify the optimum inoculum density for producing high
biomass levels and increased levels of bioactive com-
pounds. The optimum period of culture was determined by
cultivating the adventitious roots up to 7 weeks. The exper-
iments were performed in a 3 L BTBB (3 L cap) at fixed
temperature (24+1°C) and dissolved oxygen [0.1 vvm
(air volume/culture volume min)] under dark conditions
throughout the culture period. Each bioreactor contained
2 L full-strength MS medium with an initial pH of 5.7-5.8.
The medium was supplemented with 9.84 uM IBA and 5%
sucrose. The process was standardized by establishing the
optimized reaction variables at different production scales
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[0.25 L (flask), 3 L, 5 L, 20 L (BTBB), and 500 L (pilot-
scale tank bioreactor)].

Determination of growth Kinetics

Roots were harvested and washed with distilled water, and
excess surface water was removed with tissue paper before
drying. The DW was recorded after drying the root to a
constant weight at 60 °C. The growth index was determined
as follows:

Growth index (GI) = [Final DW (g) — Initial DW (g)/Initial DW (g)]

The relative growth rate (RGR) was calculated as fol-
lows: RGR=(InW2—InW1)/CP, where In is the natural
log; W1 and W2 are the initial weight and final weight,
respectively; and CP is the culture period. The overall pro-
ductivity (P) of the process was calculated as follows:

P (mg/L, w/v) = Metabolite yield (mg/g root biomass, DW)
X Volumetric root biomass yield (g/L, DW).

Quantification of total phenolic and flavonoid contents
Preparation of root extract

The dried roots (0.5 g) were refluxed (LS-2050-S10, LS-
TECH, Korea) with 15 mL of 80% methanol at 80°C
for 1 h, and then filtered through filter paper (Advantec
110 mm, Toyo Rosihi Kaisha Ltd., Japan).

Determination of total phenolic content

The total phenolic content (TPC) was analyzed using the
Folin—Ciocalteu colorimetric method (Folin and Ciocal-
teu 1927). The methanolic extracts (0.05 mL) were mixed
with 2.55 mL distilled water, followed by the addition of
0.1 mL (2 N) of Folin—Ciocalteu reagent. After 5 min,
20% Na,COj; solution (2.5 mL) was added and thoroughly
mixed, and then reactions were kept at room temperature
under dark conditions. The resulting color change was
recorded after 30 min by measuring the absorbance at
760 nm using a spectrophotometer (Optizen POP, Mecasys
Co., Ltd, Korea). The data were compared with a standard
curve obtained for gallic acid (Sigma Chemical Co., St.
Louis, MO, USA) and expressed as mg gallic acid equiva-
lent (GAE) per g DW adventitious roots.

Determination of total flavonoid content

The total flavonoid content (TFC) was determined colori-
metrically using the method of Wu et al. (2006). The meth-
anolic root extracts and (+)-catechin (Sigma Chemical Co.)
standard (0.25 mL) were mixed with 1.25 mL of distilled
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water. The 0.075 mL of 5% NaNO, solution was added
later and the mixture was vigorously shaken. After 6 min,
0.15 mL of 10% AICl; solution was added. The solution
was left for 5 min at room temperature, and the absorb-
ance was measured at 510 nm using a spectrophotometer
(Optizen POP, Mecasys Co., Ltd, Korea). The results were
expressed as mg (4)-catechin equivalents per g DW adven-
titious roots.

Determination of free radical scavenging (DPPH)
activity

The free radical scavenging activities of P. multiflorum
adventitious roots were determined using 1,1-diphenyl-
2-picrylhydrazyl (DPPH, Sigma Chemical Co.) accord-
ing to a previously published method (Hatano et al. 1998).
Briefly, 0.8 mL of 200 uM DPPH radical solution was
added to 0.2 mL of the methanolic extract. The control
contained 0.8 mL. DPPH and 0.2 mL of 40% methanol.
The solution was kept at room temperature for 5 min, and
absorbance was measured at 517 nm using a spectropho-
tometer (Optizen POP, Mecasys Co., Ltd, Korea). Antioxi-
dant activity was analyzed using following equation:

DPPH (%) = [(Control absorbance — Sample absorbance/
Control absorbance)] x 100

Determination of bioactive compounds by high
performance liquid chromatography

The dry root (0.5 g) was ground with a mortar and pestle.
The root powder was extracted with 80% methanol after 3 h
sonication (Sonicator, Mujigae, Korea) to ensure the com-
plete extraction of bioactive compound. The extract was
filtered through filter paper (Advantic, 110 mm, Japan),
and the methanol was evaporated under vacuum to dry-
ness. The residue was dissolved in 10% methanol and frac-
tionated twice with 10 mL of diethyl-ether:ethyl-acetate
(1:1), and again evaporated under vacuum to dryness. The
residues of both extracts were combined and dissolved in
methanol, and filtered using a membrane filter (0.2 pm
pore size; Whatman, England). An HPLC (2690 Separation
Module, Waters Chromatography, Mildford, USA) system
equipped with a photodiode array (PDA) detector was used
to quantify phenolic compounds. Separation was primarily
achieved using a Fortis C18 column (5 pL, 150%4.6 mm).
The mobile phase consisted of acetonitrile [solvent (A)] and
0.1% aqueous acetic acid (v/v) [solvent (B)]. Separation
was achieved using the following linear gradient program:
8-10% A at 0-2 min, 10-30% A at 2-27 min, 30-90%
A at 27-50 min, 90-100% A at 50-51 min, 100% A at
51-60 min, and 100-8% A at 60-70 min. Re-equilibrium

was allowed for 10 min between sample injections. The
flow rate was 1.0 mL/min, and 20 pL aliquots were injected
into the HPLC. Calibration plots were obtained by measur-
ing the peak areas. Compound identification was made on
the basis of UV absorption spectra and retention time.

Evaluation of enzyme activity
Enzyme extraction and protein estimation

For enzyme assays, roots were collected after harvest and
washed immediately with distilled water. In each case,
1 g of fresh roots was weighed and stored at —70°C until
further analysis. The root tissues (1 g) were powdered in
liquid nitrogen using a pre-chilled mortar and pestle. The
powdered samples were homogenized in 2.0 mL of 50 mM
potassium phosphate buffer (pH 7.0) containing 2% (w/v)
insoluble polyvinylpolypyrrolidone (PVPP), 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), and 1 mM EDTA. The
homogenate was filtered through two layers of muslin cloth
and centrifuged at 10,000 rpm (Smart R17 Micro Refrig-
erated centrifuge, Hanil Science Co., Ltd., Korea) at 4°C
for 10 min. The soluble protein content was measured
using bovine serum albumin (BSA) as a standard (Bradford
1976).

Antioxidant enzyme activity assay

Catalase (CAT) activity was determined using a reaction
mixture that contained 100 mM H,0, in 100 mM potas-
sium phosphate buffer (pH 7.0) and enzyme extract (modi-
fied after Bisht et al. 1989). After 10 min of reaction, the
absorbance was measured at 240 nm using a spectropho-
tometer (Optizen POP, Mecasys Co., Ltd, Korea). For the
blank control, 2 N H,SO, (1 mL) was added to the reaction
mixture before the addition of enzyme extract. Guaiacol-
peroxidase (G-POD) activity was measured by monitor-
ing the formation of tetraguaiacol (extinction coefficient
of 6.39 m/M cm) at 436 nm according to the method
described by Putter (1974).

Determination of lipid peroxidation

Lipid peroxidation was measured as the amount of malon-
dialdehyde (MDA) reacting with thiobarbituric acid (TBA)
(Sigma, USA) to form the TBA-MDA complex. Crude
extract was prepared according to the method reported by
Heath and Packer (1968), and the final absorbance was
measured using a UV-VIS spectrophotometer (Optizen
POP, Mecasys Co., Ltd, Korea) at 532 and 600 nm. MDA
equivalents were calculated according to the following
equation (Heath and Packer 1968):
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MDA (nmol/g FW) = Amount of extraction buffer (mL)
X Amount of supernatant (mL)
X [(Abssz, — Absggy/155)]
X (1000/Amount of sample)

In this equation, 532 nm represents the maximum absorb-
ance of the TBA-MDA complex; 600 nm is the correc-
tion for non-specific turbidity, and 155 m/M cm is a molar
extinction coefficient for MDA.

Statistical analysis

The experiment was conducted using a completely rand-
omized design with three replicates, if not specified other-
wise. Significant differences were determined by Duncan’s
multiple range test (DMRT) using SAS software (Version
9.4; SAS Institute, USA).

Results and discussion

Effect of inoculum density on root growth and bioactive
compound production

Adventitious root growth

The inoculum density is a key factor that affects the overall
biomass yield and accumulation of bioactive compounds
under in vitro plant culture conditions (Lee et al. 2011; Sho-
hael et al. 2014; Wu et al. 2014; Murthy et al. 2014c, 2016).
In the current study, a significantly high root biomass (fresh
(FW) as well as dry weight (DW) basis) was recorded in
all the inoculum densities as compared to 3 g/L treatment
(Table 1). The highest percent root DW (14.16%) was
obtained from 5 g/L inoculum density. Contrary to biomass
yield, growth index was negatively affected by increasing
inoculum density. Lower inoculum density (3 g/L) had
significantly lower RGR (2.39) and root biomass yield

(10.47 g/ DW) compared with those of other inoculum
densities. This can be attributed to the slow growth and
longer lag phase resulting from extended culture peri-
ods. The maximum root biomass (114.99 g/l FW) was
observed at 10 g/L inoculum density, which is statistically
(p <0.05) higher than 3 g/L inoculum size and par with rest
of the treatments. It is evident from the data that increas-
ing the inoculum densities greater than 5 g/L. reduced the
efficiency with respect to biomass accumulation. This can
be ascribed to comparable growth rates and high growth
index with 5 g/L inoculum, compared with those of higher
initial inoculum densities. Higher growth rate, reduced
nutrient and oxygen availability, and increased biomass
may be responsible for the radical decline in growth index
observed with higher inoculum densities. In Eleutherococ-
cus koreanum, high initial inoculum density of adventitious
root culture is reported to have a short lag phase followed
by early stationary and senescence phases, compared with
cultures from low inoculum densities (Lee et al. 2011).
Lee et al. (2011) also reported the fivefold increase in CO,
concentration inside the bioreactor vessel compared with
that of the initial stage, and suggested a possible reason for
early cell senescence at high inoculum density. Echinacea
angustifolia and Scoplia parviflora adventitious root cul-
tures showed similar results, where high initial inoculum
densities result in high root biomass and low growth index
(Wu et al. 2006). The optimum inoculum density also var-
ies with respect to plant species, cell line, nutrient compo-
sition, medium conditioning, and production scale (Baque
et al. 2012). Withania somnifera and E. angustifolia adven-
titious root cultures had the highest biomass from 10 g/L
inoculum density (Praveen and Murthy 2010; Wu et al.
2006), whereas the optimum yield of Hypericum perfora-
tum was obtained from considerably lower (3 g/L) inocu-
lum density (Cui et al. 2011). These combined results indi-
cate that 5 g/L inoculum density is optimum for producing
substantial P. multiflorum adventitious root biomass in 3 L
BTBB bioreactors.

Table 1 Effect of inoculum

. . Inoculum den- FW (g/L) DW (g/L) % Dry weight Growth index” Relative
density on P. multiflorum root .

) - sity (g/L) growth

biomass growth characteristics y
rate

78.56 b* 1047b 13.36 abc 33.88a 2.39b

97.80 a 13.83 a 14.16 a 26.67b 2.65a

105.48 a 14.18 a 13.47 ab 19.26 ¢ 2.64a

10 114.99 a 14.08 a 1229 ¢ 13.08d 2.66 a

15 108.60 a 13.39a 12.35 be 12.39d 2.58a

*Means with different letters within columns are significantly different per DMRT (p <0.05)

YThe relative growth rate (RGR) is calculated as follows: RGR =[InW2 —InW1]/CP, where In is the natural
log, W1 and W2 are the initial weight and final weight, respectively, and CP is the culture period (4-week)

“Growth index (GI)=[Final dry weight (g) — Initial dry weight (g)]/Initial dry weight (g)
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Polyphenol yield and free radical scavenging (DPPH)
activity

The influence of inoculum density on polyphenol accu-
mulation is quite evident from the results in P. multiflorum
adventitious root cultures. The total phenolic and flavo-
noid contents decreased with increasing inoculum density
from 3 to 15 g/L (Fig. 1a). As per trend observed, phenolic
accumulation was higher at low inoculum densities (3 and
5 g/L) with a gradual decline thereafter. Significantly high
bioactive compound productivity was observed in samples
with 5 g/L inoculum density (Fig. 1b). Higher inoculum
density (>7 g/L) adversely affected the yield of bioactive
compounds. This may be due to a significant decrease in
the accumulation of flavonols and hydroxybenzoic acid
derivatives at high initial inoculum density (Fig. 2). A total
of 17 bioactive compounds were determined by HPLC
analysis. Consistent with the phenolic and flavonoid con-
tents, the highest yield of total polyphenols (13.22 mg/g
DW root biomass) in P. multiflorum adventitious root cul-
ture was observed with 3 g/L inoculum density. The yield
of anthraquinones was relatively higher with low inoculum
density. It appears that the metabolic pathway or regula-
tory enzyme activity leading to phenolic compound syn-
thesis may be attenuated with high inoculum density. These
results are in agreement with a previous report on Morinda
citrifolia adventitious root culture, where polyphenol syn-
thesis (PAL) activity is reported to be significantly lower
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with high inoculum density (>10 g/L), thereby resulting in
low yield of phenolics (Baque et al. 2013). The high CO,
concentration inside the bioreactor vessel at high inoculum
density might have a role in the low yield of bioactive com-
pounds. It was reported to adversely affect the accumula-
tion of bioactive compounds in E. koreanum adventitious
root culture (Lee et al. 2011). Earlier reports on adventi-
tious root cultures of E. angustifolia and H. perforatum
also suggest that high inoculum density negatively affects
the accumulation of bioactive compounds (Wu et al. 2006,
2014). Low accumulation of scopolamine was reported
in S. parviflora adventitious root culture with high initial
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inoculum density (Min et al. 2007). In the present study,
no significant differences in total phenolic compound yield
were observed with 3, 5, and 7 g/L inoculum densities
(Fig. 2); however, the high productivity obtained with 5 g/L.
inoculum could be a decisive factor (Fig. 1).

Free radical scavenging activity (1,1-diphenyl-2-pic-
rylhydrazyl, DPPH) was assessed and revealed good anti-
oxidant potential of cultivated adventitious roots (Fig. 3a).
A significantly high DPPH activity was recorded in root
samples with 7 g/L inoculum density, which is at par with
activity in 5 g/L inoculum density root cultures. The anti-
oxidant activity in plant extracts was reported to be associ-
ated with phenolic and flavonoid accumulation (Zou et al.
2012; Jiang et al. 2015). The results of the present study
corroborate the data for total phenolic and flavonoid yield
(Fig. 1). These results provide evidence that the predomi-
nant source of antioxidant activity is derived from phe-
nolic compounds, especially quercetin (Fig. 2¢). The low
inoculum density culture may possibly be exposed to high
shear stress, and therefore accumulated high levels of phe-
nolic compounds. The culture with low inoculum density
had greater agitation due to the high liquid-to-biomass ratio
reported to accumulate high levels of phenolic compounds
and scavenge free radicals generated due to oxidative burst-
mediated shear stress (Baque et al. 2013). The oxidative
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(¢), G-POD (d)] in adventitious root cultures of Polygonum multiflo-
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burst in Taxus cuspidata suspension culture is believed to
change the membrane permeability and lead to the induc-
tion of secondary metabolism, resulting in the activation
of PAL activity and accumulation of phenolic compounds
(Han and Yuan 2004).

Antioxidant enzyme activity (CAT and G-POD) and lipid
peroxidation (MDA) levels

Aerobic metabolism results in the production of reactive
oxygen species (ROS), which can generate oxidative stress
in organisms (Sharma et al. 2012; Salimi et al. 2016) and
cause oxidative damage to tissues. These ROS also act as
subcellular messengers in complex processes such as cell
proliferation regulation (Michiels et al. 1994). It can also
lead to the overproduction of MDA, which is the final prod-
uct of lipid peroxidation. In the present study, adventitious
roots of P. multiflorum were grown in the presence of con-
tinuous air flow of 0.1 vvm. Under these conditions, it was
relevant to measure antioxidant enzyme activities (CAT
and G-POD) and MDA production. The results showed a
gradual increase in CAT activity with increasing inocu-
lum density from 3 to 15 g/L at the end of a 4-week culture
period in the BTBB bioreactor (Fig. 3c). Significantly high
CAT activity (31.43 umol H,O,/mg protein) was recorded
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at the end of the culture period with 15 g/L inoculum den-
sity, which is statistically (p <0.05) at par with all inocu-
lum densities except for 3 g/L. G-POD activity also was
significantly higher (p <0.05) in 15 g/L inoculum density
(Fig. 3d). High antioxidant enzymes (CAT and G-POD)
activity at higher inoculum density (15 g/L) indicates
that P. multiflorum adventitious root cells were confront-
ing oxidative stress environment might have built up due
to reduced oxygen transfer. Such activities of antioxidant
enzymes are generally correlated with increased stress tol-
erance (Ali et al. 2006). The variation in the activities of
these enzymes might be attributed to their specific affinity.
CAT help in removal of H,O, generated in peroxisomes by
oxidases involved in pB-oxidation of fatty acids, photorespi-
ration and purine catabolism, whereas G-POD decomposes
indole-3-acetic acid (IAA) and play crucial role by scaveng-
ing H,0, at plasma membrane interface (Mika and Liithje
2003). The data showed that MDA gradually decreased
with increasing inoculum density, with the exception of
3 g/L inoculum density (Fig. 3b). A significantly high accu-
mulation of MDA was observed with 5 and 7 g/L. inoculum
densities (62.37 and 59.18 nmol MDA/g FW, respectively).
High CAT and G-POD activity and low MDA accumula-
tion at high inoculum densities suggests that root tissues
were under oxidative stress from high H,O, levels. Lipid
peroxidation (MDA) possibly occurred in the adventitious
roots to mitigate the stress conditions caused by free radi-
cals (Alexieva et al. 2001). These results are in agreement
with those of M. citrifolia adventitious root cultures, which
showed high activities of antioxidant enzymes with 5 and
10 g/L inoculum, which further declined with increasing
inoculum density (Baque et al. 2013). The high levels of
MDA observed in these samples suggest that the antioxi-
dant activities were not able to counter the adverse effect of
high H,0, levels, which led to lipid peroxidation in the root
tissues. Cui et al. (2011) reported high CAT activity with
low MDA content at high inoculum density in adventitious
root culture of H. perforatum, which resulted from lipid
peroxidation to counter the damage caused by free radicals.
These results clearly highlight the importance of inoc-
ulum density in maximizing the overall productivity in
terms of root growth and accumulation of phenolic com-
pounds in adventitious root cultures of P. multiflorum. It
can be inferred from these results that 5 g/L is the opti-
mal inoculum density to achieve maximum productivity.

Effect of culture period on root biomass and bioactive
production

Adventitious root biomass

The adventitious roots of P. multiflorum were cultured at
5 g/L inoculum density for extended times to determine

the exact growth and metabolite accumulation period. The
results showed that adventitious roots followed a sigmoi-
dal growth pattern (Fig. 4a). The first week of culture was
the lag phase, and it was followed by accelerated growth
in the second and third weeks (log phase). The growth
appears to cease around the fourth week of culture and
decline thereafter up to the seventh week. The experi-
ments were discontinued after the seventh week because
of the continuous decline in root biomass yield. A sig-
nificantly high root biomass (13.46 g/L. DW) and percent
dry weight were recorded in samples obtained after a 5
week culture period (Fig. 4a). However, no significant dif-
ferences (p <0.05) were recorded in root biomass yield
and growth index of samples obtained after the fourth and
fifth weeks of culture (Fig. 4b, c). The relative root growth
rate of 5 week old cultures is high (2.62) and statistically
(»<£0.05) at par with that in 3, 4, and 6 week cultures
(Fig. 4d). Therefore, 5 weeks appears to be optimum for
maximum root biomass productivity. Nutrient depletion,
especially depletion of the carbon source, attenuated the
RGR and growth index after 5 weeks of culture. These
results are consistent with those of an earlier study, which
showed a gradual decline in sucrose content of spent
media after 3 weeks of culture of E. angustifolia adventi-
tious roots (Cui et al. 2013).

Numerous studies have reported similar growth behav-
iors of adventitious root suspension cultures in different
plant species, although the precise time of growth decline
varied (Wu et al. 2007a; Jeong et al. 2009a, b; Baque
et al. 2012; Cui et al. 2014). In the scale-up studies of
E. angustifolia adventitious roots, the maximum root bio-
mass yield was achieved after 7 weeks of culture in 5 L
BTBB (Cui et al. 2013). The exponential phase in that
study lasted for 4 weeks (i.e., 2—-6 weeks of culture). For
W. somnifera, maximum root biomass yield was recorded
after 4 weeks of culture (Praveen and Murthy 2010),
whereas it took 7 weeks of adventitious root suspension
culture in Panax ginseng to achieve the highest root bio-
mass (Jeong et al. 2009a). For M. citrifolia, a 4 week cul-
ture period was optimum for maximum biomass produc-
tion, but the authors did not show any lag phase (Baque
et al. 2012). Some authors reported that sucrose concen-
trations (1 and 5%) affect biomass accumulation in M.
citrifolia. These combined results suggest that the opti-
mum culture period of a particular plant species depends
on its growth characteristics and can be highly variable.
The optimum culture period also is reported to be influ-
enced by medium composition, especially the sucrose
concentration and the culture environment (Cui et al.
2011; Lulu et al. 2015; Jiang et al. 2015).
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Production of bioactive compounds and antioxidant
activity

The polyphenol type(s), TPC and TFC, were measured at
1 week intervals during the 7 week cultivation period of
P. multiflorum adventitious roots cultured at 5 g/L inoc-
ulum density (Figs. 5, 6). The polyphenol contents and
productivity gradually increased from the first week of
culture, and reached a maximum after 4 weeks of culture,
thereafter declining to the lowest level at the end of cul-
tivation (Fig. 5). Significantly high phenolic (53.87 mg/g
DW) and flavonoid (27.96 mg/g DW) contents were
recorded in 4-week-old cultures (Fig. 5a). Irrespective
of the culture period, the TPC yield was approximately
double that of TFC in P. multiflorum adventitious root
cultures. The productivity of total phenolics and flavo-
noids was highest in root samples collected after 4 weeks
of culture (Fig. 5b). HPLC analysis of phenolic com-
pounds showed similar accumulation patterns, with a sig-
nificantly high yield of bioactive compounds (12.50 mg/g
DW) after 3 weeks of culture followed by 4 weeks of
culture (11.42 mg/g DW) (Fig. 6). The highest yield was
hydroxybenzoic acid phenolics (30.3 mg/g DW) followed
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by flavonols (21.9 mg/g DW). The anthraquinone yield
also was also higher in roots after 3 and 4 weeks of cul-
ture. Most polyphenols were significantly higher after
3 and 4 weeks of culture, except for p-hydroxybenzoic
acid accumulation, which peaked after 2 weeks in cul-
ture. The variation in total polyphenols and the specific
metabolite yield could be attributed to the depletion of
specific macro or micro nutrients, which affected the
secondary metabolism biosynthetic processes (Wu et al.

2007a; Baque et al. 2013). The initial growth stage was
challenged by a new environment, especially high air
supply in the bioreactor and low root density. Low lev-
els of polyphenols were observed during the first week
of culture in E. angustifolia roots and peaked at approxi-
mately 37 mg/g root DW after 4 weeks of culture, which
was similar to the results of our study (Cui et al. 2013).
The Echinacea purpurea adventitious root culture also
showed a linear increase in phenolics and flavonoids with
maximum Yyields (92.8 mg/g root DW) after 5 weeks of
culture (Jeong et al. 2009b). The variations in results of
different studies can be attributed to plant species, cul-
tivation conditions, and nutritional components in the
medium. Bioactive compound productivity is one of the
crucial parameters for determining the optimal culture
period. Considering the results of our present study, we
conclude that a 4 week culture period is sufficient for
maximum productivity of both root biomass and bio-
active compounds in P. multiflorum adventitious root
culture.

DPPH free radical has been widely used to evaluate the
antioxidant activity of specific plant extracts (Kim et al.
2007; Shekhar and Anju 2014). DPPH activity is gener-
ally associated with high levels of bioactive compounds
during different stages of culture. However, DPPH levels
also reflect the tissue stress levels. DPPH radical scaveng-
ing activity was significantly low during the first 2 weeks
of adventitious root culture compared with root samples
after 3 weeks in culture (Fig. 7a). In contrast to our results,
relatively higher DPPH activity was observed in M. citri-
folia adventitious root suspension cultures after 1 week of
culture, and gradually declined thereafter up to 4 weeks
of culture (Baque et al. 2012). However, Cui et al. (2011)
reported a gradual increase in DPPH activity in adventi-
tious root cultures of H. perforatum, which subsequently
increased during the culture period.

Antioxidant enzyme (CAT and G-POD) activity
and malondialdehyde (MDA) production

The activities of antioxidant enzymes (CAT and G-POD)
varied greatly during P. multiflorum adventitious root
culture for 7 weeks. Significantly high CAT activity
(25.06 pmol H,O,/mg protein) was recorded in samples
after 5 weeks of culture, followed by samples after 4 and
6 weeks of culture (Fig. 7c). For G-POD, significantly high
activity was observed in 4-week-old root cultures, followed
by 5-week-old root cultures (Fig. 7d). Significantly high
malondialdehyde (MDA) levels were recorded in 4-week-
old root samples (Fig. 7b). Continuous oxygen exposure
and diminishing nutritional components could explain the
high antioxidant activity and MDA accumulation during the
fourth and fifth weeks of culture (Low and Merida 1996;
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Table 2 Polygonum

. o Scale (L) FW (g/vessel) FW (g/L) DW (g/L) % Dry weight Growth index” Relative
mulnﬂorum. adventitious rqot growth
growth at different production rateY
scales

0.25 7.94 ¢ 79.37 ab 8.90d 10.84 ¢ 16.87d 2.09¢
3 172.70d 86.35a 14.09 a 14.09 a 2329 a 238a
5 262.83 ¢ 87.61 a 12.62 b 12.62 b 21.11b 2.29 ab
20 1,008.96 b 84.08 a 10.01 ¢ 11.94 be 19.029 ¢ 220b
500 35,195.00 a 70.39b 8.01d 11.51 be 15.02d 1.98d

*Means with different letters within columns are significantly different per DMRT (p <0.05)

YThe relative growth rate (RGR) was calculated as follows: RGR =[InW2 —InW1]/CP, where In is the nat-
ural log, W1 and W2 are the initial weight and final weight, respectively, and CP is the culture period

(4-week)

“Growth index (GI)=[Final dry weight (g) — Initial dry weight (g)]/Initial dry weight (g)

Cui et al. 2011). Considering the P. multiflorum adventi-
tious root growth and overall productivity with respect to
bioactive compound accumulation, a 4-week culture period
appears to be optimum for bioreactor culture. Cui et al.
(2011) reported that H,0, levels were highest in H. per-
foratum adventitious root cultures after 4 weeks, followed
by a gradual decline until the end of the culture period
(7 weeks). However, the MDA levels slowly increased up to
6 weeks, before sharply declining thereafter. These results
suggest that lipid peroxidation may counter the adverse
effects of high H,0, production, which leads to increased
generation of free radical species.

@ Springer

Effect of scale-up culture on biomass and bioactive
compounds in P. multiflorum

The adventitious root cultures of a few plant species
have been successfully scaled up from 500 to 10,000 L
in industrial bioreactors (Cui et al. 2014; Paek et al.
2009; Wu et al. 2007b). To scale-up adventitious root
cultures, the BTBB is reported to be a suitable system
for the accumulation of both biomass and bioactive
compounds (Baque et al. 2012; Cui et al. 2013). BTBB
provides optimum conditions for growth and bioactive
compound accumulation by efficiently controlling the
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culture environment, foam generation, reducing shear
stress, and supplying optimal oxygen (Murthy et al.
2014a, b, 2016). However, a pilot-scale study had to
contend with root interweaving after attaining a certain
growth stage, which may hamper productivity (Murthy
et al. 2016). The current pilot-scale study (500 L BTBB)
was conducted to assess the productivity of root biomass
and bioactive compounds in BTBB cultures of P. multi-
florum adventitious roots. We performed a comparative
evaluation at different production scales (0.25 (flask), 3,
5, 20, and 500 L) with optimized parameters (i.e., 5 g/L
inoculum density and 4 week culture period). Other
parameters such as temperature (24 +1°C), dissolved
oxygen (0.1 vvm), pH (5.7-5.8), and culture under dark
conditions were the same as those used for optimization
experiments.

Adventitious root growth

The performance of optimized parameters was assessed
at different production scales. The total adventitious root
biomass was understandably higher (4.01 kg DW) for
the 500 L BTBB at the end of the 4 week culture period
compared with that of other production scales (Table 2).
Significantly high root biomass yield was recorded in 3 L

Total phenolic compunds (mg/g DW)

l

500-L

a
a
b
10 b
8
6
4
2
0
3L 5L 20-L

0.25-L

B 0.25-L W3-L =5-L =20-L m500-L

Contents of phenolic groups (mg/g DW)

Anthraquinones Flavonols Hydroxycinamic ~Hydroxybenzoic ~ Other phenolics

acid acid compounds

35
C 0.25-L —e=3-L

Phenolic content (mg/g DW)

Fig. 9 Bioactive compound profiles determined by HPLC analysis
in Polygonum multiflorum adventitious root at different production
scales. a Total of phenolic compounds, b content of phenolic groups,
¢ content of specific compounds. Bars with different letters differ sig-
nificantly from each other per DMRT (p <0.05)

BTBB (14.09 g/L. DW) followed by 5 L BTBB (12.62 g/L.
DW). The increase in production scale beyond 3 L capac-
ity significantly reduced root biomass yield. Similar
declines were observed in the culture growth indices;
however, the RGRs ranged between 1.98 and 2.38 per
day, with a maximum in 3 L BTBB and a gradual decline
thereafter. The biomass reduction often occurs along
with an increase in the scale of cell and tissue cultures,
which might result from factors like changes in mixing,
oxygen diffusion, head space O,/CO, ratio, shear stress,
and nutritional uptake (Zhong 2002; Murthy et al. 2008;
Lee et al. 2011). A significant decrease in root biomass
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hyde (MDA) content (b), and antioxidant enzyme activity [CAT (c),
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and growth ratio also was reported in adventitious root
culture of E. angustifolia during scale-up from 5 to 500 L
BTBB (Cui et al. 2013). E. purpurea adventitious root
production in 20 L BTBB, which was later scaled up to
500 L BTBB and 1000 L drum type bioreactor also led
to a decrease in root biomass (Wu et al. 2007b). These
authors found that the yield of root biomass decreased
with an increase in production scale (i.e., 11 g/LL DW in
20 L, 7.2 g/L DW in 500 L, and 5.1 g/L DW in 1000 L
bioreactor). The adventitious root biomass yield in the
present study (approximately 35 kg FW) is significantly
high compared with that of a previous report on E. pur-
purea (26.3 kg FW) and E. angustifolia (25.4 kg FW),
but was lower than that of H. perforatum (80.4 kg FW).
The variations in root biomass yield in these reports seem
to be species-dependent. It is understood that dynamic
factors such as nutritional uptake, gaseous composition,
and agitation or mixing patterns change with process
scale-up, which may lead to shifts in root growth and bio-
active accumulation.

Bioactive production and antioxidant activity
The accumulation of TPC is higher than that of TFC, irre-

spective of the production scale. Significantly high lev-
els of both TPC (52.97 mg/g DW) and TFC (27.03 mg/g
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DW) were obtained in 3 L bioreactor vessels compared
with those of flasks and other production scales (Fig. 8a).
Similarly, the overall productivity was significantly high
(»<0.05) in 3 L BTBB followed by 5 and 20 L biore-
actor vessels (Fig. 8b). This suggests that the increase in
production scale led to a decrease in total yield of bio-
active compounds. The decline in secondary metabolite
yield during scale-up of plant tissue culture may be due
to changes in the culture environment or shifts in growth
and productivity kinetics. In a similar study, caffeic acid
derivatives in E. purpurea adventitious root cultures were
reported to decrease from 39 mg/g DW in 20 L BTBB to
27.4 mg/g in 500 L BTBB (Wu et al. 2007b). Contrary to
the results of the present study, the scale-up of H. perfo-
ratum adventitious root culture from 100 to 500 L BTBB
resulted in a slightly higher yield of both phenolic and
flavonoid contents (Cui et al. 2014). The pilot-scale cul-
turing of E. angustifolia adventitious roots also showed
approximately two- to three-fold increases in polyphenol
contents from 20 to 500 L BTBB. However, the increase
in bioactive compounds was attributed to elicitation by
methyl jasmonate (Cui et al. 2013). Although root bio-
mass, growth index, and bioactive compounds declined
with increasing scale beyond 3 L capacity, the concen-
tration of phenolic compound derivatives in the 500 L
BTBB (10.78 mg/g DW) was recorded as significant, on
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Fig. 11 Culture of P. multiflorum adventitious roots at different bio-
reactor scales. a Adventitious root, b adventitious root in flask cul-
ture, ¢ adventitious root in culture room, d 3 L BTBB, e adventitious

par with 3 L (11.87 mg/g DW) and 5 L (10.76 mg/g DW)
bioreactor vessels (Fig. 9). It is therefore evident from the
results that pilot-scale production resulted in a compara-
ble yield of bioactive compounds. Among various groups
of polyphenols, the highest contents were recorded for
hydroxybenzoic acid phenolics followed by flavonols,
irrespective of the production scale. The DPPH radical
scavenging activity of P. multiflorum adventitious root
extract showed significantly high activity in 3 L bioreac-
tor vessel samples compared with those in 500 L BTBB,
but at par (p <0.05) with 5 and 20 L bioreactor samples
(Fig. 10a). This appears to be comparable with the yield
of phenolic compounds.

Activity of antioxidant enzymes and MDA production
in adventitious roots of P. multiflorum

Significantly high activities of CAT (25.23 umol H,0,/mg
protein) and G-POD (0.36 units/mg protein) were obtained
in the 500 L BTBB compared with other production scales.
The G-POD activity in 500 L BTBB was twofold higher
than that in the root samples of 3 L bioreactors (Fig. 10c,

root harvested from 3 L BTBB, f 500 L pilot-scale BTBB, g, i adven-
titious root harvested from 500 L BTBB, and h oven drying (60°C)
of adventitious roots

d). MDA levels were highest in 3 L BTBB (57.55 nmol/g
FW), followed by 20 L bioreactor vessels, and significantly
lower in 250 mL flask samples (Fig. 10b). Increased anti-
oxidant enzyme activity was observed in 500 L BTBB root
samples, which might be due to high ROS generation (Cui
et al. 2013). These results indicate that adventitious roots
are subjected to more stressful conditions in the pilot-scale
studies than in the small-scale studies.

Scaling-up of adventitious root cultures has been
achieved for several plant species with different bioreactor
types (Murthy et al. 2016). After optimization of medium
composition and culture conditions, the adventitious roots
were successfully applied for large-scale (500 L) produc-
tion of biomass and bioactive compounds in P. ginseng
(Paek et al. 2009, Murthy et al. 2014a, b, d), E. purpurea
(Wu et al. 2007b), and H. perforatum (Cui et al. 2014).
Our study also successfully established a pilot-scale 500 L
BTBB for adventitious root culture of P. multiflorum
(Fig. 11). These studies will provide raw material to meet
the demands of pharmaceutical and cosmetic industries,
and will support the conservation of P. multiflorum in its
natural habitat.

@ Springer



180

Plant Cell Tiss Organ Cult (2017) 130:167-181

In conclusion

The present study established a pilot-scale culture of P.
multiflorum adventitious roots in 500 L BTBB with 5 g/L.
inoculum density for 4 weeks. Although the biomass yield
was comparatively reduced in the 500 L culture, the accu-
mulation of bioactive compounds was not significantly
different. The results revealed high antioxidant enzyme
activity (CAT and G-POD) and low MDA production in
the 500 L BTBB samples, which might mitigate the high
oxidative stress generated at this production scale. Our
results demonstrate the feasibility of using P. multiflorum
adventitious root cultures for the production of bioactive
compounds at the pilot scale (500 L) to meet the continu-
ously expanding demands of the cosmetic, pharmaceutical,
and food industries for natural ingredients. In addition, the
production of anthraquinones like emodin and physcion at
industrial scale could be a boon to ever rising herbal drug
sector for management and treatment of human health
ailments.
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