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Abstract To efficiently produce bioactive compounds of
Echinacea via adventitious root (AR) culture, we estab-
lished an AR co-culture system of Echinacea species. ARs
of different combination of Echinacea species [E. pal-
lida (Epa), E. purpurea (Epu), and E. angustifolia (Ean)]
were inoculated into 5 L balloon-type airlift bioreactors to
select a suitable combination group. The biomass of ARs
increased in the Epa+Epu group but decreased in co-culture
groups of Epa+Ean and Epa+Epu+Ean. In the Epa+Epu
group, the content and productivity of total phenolics, fla-
vonoids, and caffeic acid derivatives increased, a mono-
mer of caffeic acid derivatives (caffeic acid) that is absent
in single-species cultures (Epa or Epu) were synthesized;
moreover, Epa+Epu also showed the highest antioxidant
activity. The inoculum proportions in Epa+Epu signifi-
cantly influenced the co-culture effect; among the propor-
tion groups (Epa:Epu=1:6, 2:5, 3:4, 1:1, 4:4, 5:2, and 6:1),
the Epa:Epu proportion of 4:3 was the most favorable for
AR biomass and bioactive compound accumulation, and
the antioxidant activity also peaked at 4:3 proportion. In
addition, the co-culture system is suitable for large biore-
actors (10 and 20 L), wherein the AR biomass increased
without a decrease in the amount of bioactive compounds.
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A co-culture system was thus successfully established in
this study, and AR cultures are expected to be used as an
alternative raw material for the production of Echinacea-
derived products.
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Introduction

Echinacea Moench, a perennial plant of the Asteraceae
family, is generally cultivated in various parts of the world
for commercial purposes. Among the Echinacea genus,
Echinacea pallida (Epa), E. purpurea (Epu), and E. angus-
tifolia (Ean) have been mainly used in drug production
(Zhang et al. 2001). Echinacea-derived drugs are the most
widely used herbal medicines to treat colds, flu, and chronic
respiratory infections in Europe, North America, and Aus-
tralia (Barrett 2003). The entire plant body of Echinaea
species contains various bioactive compounds, such as caf-
feic acid derivatives, phenolics, flavonoids, and polysaccha-
rides (Pellati et al. 2004). However, the type and amount of
metabolites in different species vary; for instance, the caf-
feic acid derivatives, echinacoside (0.3—1.7%) is detected in
the roots of Epa and Ean but not in the roots of Epu (Kind-
scher 1989); cichoric acid is rich in flowers and roots of
Epu but insufficient in the root of Ean. The raw material
from Echinacea has been derived mainly through artificial
cultivation; however, the cultivation yield is limited by sev-
eral factors, including difficulty in seed collection, low seed
germination rate, and inefficient breeding technology (Wu
et al. 2007). As a result, extraction and product produc-
tion have been limited, and meeting the growing needs of
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the market has become difficult. For this reason, an alter-
native route was developed to mass produce the raw plant
material.

Adventitious root (AR) cultures of plants are the good
biological material for stable commercial production of
higher metabolites (Cui et al. 2013). Various bioactive com-
pounds, including ginsenosides of Panax ginseng (Hahn
et al. 2003), hypericin of Hypericum perforatum (Cui et al.
2010a), phenolics of Oplopanax elatus (Jiang et al. 2015),
and eleutherosides of Eleutherococcus koreanum (Lee et al.
2015), have been produced through AR culture in bioreac-
tors. For Echinacea, AR bioreactor culture has been repeat-
edly conducted in different species (Cui et al. 2013; Jeong
et al. 2009; Wu et al. 2013). Cui et al. (2013) cultured ARs
of Ean in a 500 L balloon type bioreactor and provided a
protocol for mass production of caftaric acid, cynarin, chlo-
rogenic acid, echinacoside, cichoric acid, phenolics, and
flavonoids. Jeong et al. (2009) have established a bioreactor
technology for mass cultivation of ARs of Epu to produce
phenolics, flavonoids, and caffeic acid derivatives; Wu
et al. (2013) have developed a bioreactor AR culture of Epa
to produce caffeic acid derivatives. Consequently, the AR
bioreactor culture technology of Echinacea matured basi-
cally. However, our preliminary study found that phenolic
and flavonoid compound accumulation can be enhanced
when ARs of Epu and Epa were co-cultured in a bioreac-
tor. Therefore, we systemically studied the several factors
affecting the co-culture in the present study to establish an
optimized co-culture system.

Co-culture, two or more than two cell types are cultured
in a single environment, has been developed in the late
1980s of last century, and widely used on cytology stud-
ies because of the good communication and mutual sup-
port for growth and development of cells. However, several
researchers have introduced the co-culture technique to the
plant tissue culture for efficient production of secondary
metabolites. To date, co-culture systems, such as co-cul-
ture of different plant species (Wu et al. 2008) and differ-
ent explants (Luczkiewicz and Kokotkiewicz 2005), have
been successfully established. In these co-culture systems,
metabolite biosynthesis is obviously increased, and new
metabolites are produced. Thus, although the co-culture
technique is still in its exploration stage in plant cell, tis-
sue, and organ culture, it displays a significant potential for
mass production of target metabolites.

In the present study, to establish an AR co-culture sys-
tem involving different Echinacea species (Epa, Epu,
and Ean) in bioreactors, we firstly compared the different
co-culture groups (Epa+Epu, Epa+Ean, Epa+Ean, and
Epa+Epa+Ean) with the single-species cultures (Epa, Epu,
and Ean) to select the optimal co-culture group that can
mass produce ARs containing high amounts of phenolics,
flavonoids, and caffeic acid derivatives and demonstrating
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high antioxidant activity; the effect of the different inocu-
lum proportions of Epa and Epu was then investigated.
Finally, the ARs were co-cultured in bioreactors with dif-
ferent sizes to investigate the stability of the culture.

Materials and methods
AR maintenance

ARs of Echinacea spp. (Epa, Epu, and Ean) were induced
according to the procedures described by Wu et al. (2007).
The induced ARs were inoculated in three-quarter strength
Murashige and Skoog (MS) medium (Murashige and Skoog
1962) supplemented with 1 mg L™! of indole-3-butyric acid
(IBA) (Beijing Solarbio Science and Technology Co., Ltd.,
Beijing, China), 50 g L™! sucrose (Tianjin Kemiou Chemi-
cal Reagent Co., Ltd., Tianjin, China), and 2.2 g L! gelrite
(Duchefa Biochemie B.V, Haarlem, Netherlands). The pH
of the medium was adjusted to 5.8 before sterilization at
121°C and 1.2 kg cm™2 for 15 min and then sub-cultured in
fresh medium every 4 weeks at 25 +2 °C in the dark.

AR co-culture in bioreactors

Five-liter balloon-type airlift bioreactors containing 4 L
of half-strength MS medium supplemented with 1 mg L~!
IBA and 50 g L' sucrose were used in all experiments.
The pH of the medium was adjusted to 5.7. Each biore-
actor was inoculated with 4-week-old ARs, aerated at
100 mL min~!, and maintained at 25 +2°C in the dark. In
the first experiment, seven experimental groups (Epa+Epu,
Epa+Ean, Epa+Ean, Epa+Epa+Ean, Epa, Epu, and Ean)
were designed for selecting a suitable co-culture group.
The total inoculation density was 7 g L™! in all groups, and
the inoculum proportion for each Echinacea species was
identical in the co-culture groups. AR biomass, contents of
phenolics, flavonoids, and the six monomers (caffeic acid,
caftaric acid, cynarin, chlorogenic acid, echinacoside, and
cichoric acid) of caffeic acid derivatives, and antioxidant
activities were determined after 30 days of culture. In the
second experiment, the Epa+Epu co-culture group was
selected to study the effect of different inoculum propor-
tions (Epa:Epu=1:6, 2:5, 3:4, 1:1, 4:3, 5:2, 6:1). The total
inoculation density was 7 g L™'. AR biomass, bioactive
compound content, and antioxidant activity were deter-
mined after 30 days of culture. In the third experiment,
the adaptability of AR co-culture in bioreactors of differ-
ent sizes was investigated. The co-culture system consisting
of Epa and Epu (Epa:Epu=4:3) was selected, and the ARs
were cultured in 5 L (4 L medium), 10 L (8 L medium),
and 20 L (16 L medium) balloon-type airlift bioreactors.
The total inoculation density was 7 g L™' AR inoculum for
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each bioreactor. AR biomass and bioactive compound con-
tent were determined after 30 days of culture.

Determination of biomass

The harvested ARs were separated from the medium by
draining them in a 1 mm stainless steel sieve, rinsed twice
with sterile water, and dried at 50 °C for 48 h. The root dry
weight (DW) was subsequently recorded.

Determination of phenolic, flavonoid, and caffeic acid
derivative content

To determine the phenolic and flavonoid content, we
extracted the dry ARs by using the method described by
Wu et al. (2007). The phenolic content was determined
spectrophotometrically by using the Folin—Ciocalteu col-
orimetric method (Folin and Ciocalteu 1927). The absorb-
ance was recorded at 760 nm on a spectrophotometer (UV-
2600, Shimadzu Corporation, Kyoto, Japan) and expressed
as milligram gallic acid equivalent per gram DW ARs.
The flavonoid content was estimated using a colorimetric
method (Cui et al. 2010b). The absorbance at 510 nm was
recorded, and the results were expressed as milligram of
(4)-catechin equivalents per gram DW ARs. The caffeic
acid derivatives were extracted and analyzed according to
the method described by Wu et al. (2007). The caffeic acid
fractions were analyzed using a high-performance liquid
chromatography system equipped with XTerra RP 18 col-
umn (150%3 mm, 3.0 uM; Waters Corporation, Milford,
MA, USA). The mobile phases were water (A) and acetoni-
trile (B). The gradient elution was modified as follows: ini-
tial 10% B for 40 min; 25% B for 11 min; 50% B for 1 min;
with recycling to initial condition for 8 min at a flow rate
of 0.3 mL min~'. Caffeic acid derivatives were detected
at 330 nm. Standard caftatic acid, chlorogenic acid, cyna-
rin, echinacoside, and cichoric acid were purchased from
ChromaDex (Laguna Hills, CA, USA). The total content
of caffeic acid derivatives was the sum content of the six
monomers. The productivity of bioactive compounds was
calculated as follows (Jiang et al. 2015):

Productivity = AR DW X Content

Determination of antioxidant activity

The antioxidant activity of ARs was evaluated based on
the activities of of 1,1-diphenyl-2-picrylhydrazyl (DPPH)
and hydroxyl radical (OH) scavenging, Fe>* chelating and
reducing power. DPPH radical scavenging activity was
measured according to the method described by Cui et al.

(2010a) with slight modifications. In brief, 2 mL of etha-
nol extract (0.16 mg mL™") of AR samples were mixed
with 1 mL of DPPH ethanol solution (0.2 mM); the reac-
tion mixture was shaken gently and allowed to stand at
room temperature (~25°C) in the dark for 30 min. The
absorbance was measured by a spectrophotometer (UV-
2600, Shimadzu Corporation, Kyoto, Japan) at 517 nm.
The DPPH radical scavenging activity (/;) was calculated
as follows (Cui et al. 2010a): I, (%) = (Ay_A)/Ay% 100,
where A, is the absorbance of the extract mixed with
DPPH solution and A, is the absorbance of the DPPH
solution alone.

The -OH scavenging assay was performed according to
the method described by de Kong et al. (2008) with some
modifications. Two milliliters of 1,10-phenanthroline
(0.75 mM), 2 mL of FeSO, (0.75 mM), 2 mL of phos-
phate buffer (pH 7.4), 2 mL of H,0, (0.1% v/v), and 1 mL
of AR ethanol extract (8 mg mL™") were mixed thor-
oughly. The mixture was incubated at 37 °C for 60 min
and then the absorbance was measured at 536 nm. The
‘OH scavenging activity (/,) was calculated as follows
(Kong et al. 2008): I, (%) = [(Ag_A,)/ (A;_A|)]x100. Ag
is the absorbance of the AR sample, A, is the absorbance
of the control solution containing 1,10-phenanthroline,
FeSO,, and H,0,, and A is the absorbance of the blank
solution containing 1,10-phenanthroline and FeSO,.

The Fe?*-chelating activity was measured using the
method described by Hsu et al. (2006) with some modifi-
cations. In brief, the reaction mixture contained 2 mL of
ethanol extract of the AR sample (0.8 mg mL™!), 0.1 mL
of FeCl, (2 mM), and 2 mL of deionized water. The mix-
ture was shaken gently and allowed to stand at room tem-
perature (~25°C) for 10 min; 0.2 mL of ferrozine (5 mM
in ethanol) was subsequently added, mixed and left for
another 5 min to allow complexation with the residual
Fe?*. The absorbance of the Fe?*-ferrozine complex was
measured at 562 nm against the blank of ethanol. Fe**
chelating activity (I/;) was calculated as follows (Hsu
et al. 2006):

L(%) = [1Ag/A,]| % 100%

Ag is the absorbance of the sample extract and A is the
absorbance of the blank.

The reducing power was measured according to the
method described by Zhu et al. (2008). In brief, 1 mL of
diluted sample extract (0.8 mg mL~") was mixed with 1
mL of 0.2 M phosphate buffer (pH 6.6) and 0.1 mL of 1%
(v/w) potassium ferricyanide. The mixture was incubated
at 50 °C for 20 min, and 1 mL of 10% trichloroacetic acid
was subsequently added. The mixture was centrifuged for
10 min at 3000 g, and 2 mL of the supernatant was mixed
with 1.4 mL of deionized water and 0.3 mL of 0.1%
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(v/iw) FeCl,. After the reaction proceeded for 10 min, the
absorbance of the solution was read at 700 nm.

Statistical analysis

All data in the experiments were collected from three rep-
licates. The results are presented as mean + standard error
(SE). The mean values were subjected to Duncan’s multi-
ple range test by using the SPSS17.0 program (IBM Insti-
tute, USA). A probability of P<0.05 indicated statistical
significance.

Results and discussion

Selection of a suitable combination of Echinacea species
during AR co-culture in bioreactors

To investigate the effect of co-culture, the single-species
cultures were used as controls. Table 1 shows that the
Epa+Epu co-culture can better enhance AR DW than the
single-species cultures (Epa or Epu); however, AR DW
was lower in Epa+Ean than in Epa but higher than that in
Ean; AR biomass accumulation was inhibited in Epa+Ean
or Epa+Epa+Ean co-culture. The co-culture differently
affected culture’s biomass in the previous studies. A report
indicated that co-culture of different species (Ruta graveo-
lens and Ammi majus) with different explants (shoots and
hairy roots) increased the biomass of R. graveolens shoots
but reduced the hairy roots in A. majus (Sidwa-Gorycka
et al. 2003), suggesting that growth of one explant can be
positively or negatively affected by another explant in a
co-culture system. In another study, the ARs of different
species (P. ginseng and Echinacea spp.) were co-cultured
in a bioreactor, and the biomass in the co-culture declined
relative to that in single-species cultures (Wu et al. 2008).
The different effect of co-culture on biomass accumulation

also exerted in our study, where AR biomass increased
in Epa+Epu but decreased in Epa+Ean, Epa+Ean, and
Epa+Epa+Ean.

Moreover, phenolic and flavonoid content increased in
the Epa+Epu co-culture group. The productivity of phe-
nolics and flavonoids in Epa+Epu was 1.4- and 1.3-fold
higher than those in Epa and Epu, respectively (Table 1).
However, the content of caffeic acid derivative monomers
(caffeic acid, caftaric acid, cynarin, chlorogenic acid, echi-
nacoside, and cichoric acid) was differently affected by
various co-culture (Fig. 1). Caffeic acid was detected in
all co-culture groups but not contained in single-cultures,
its maximum content was observed in co-culture groups
of Epa+Epa+Ean and the productivity in the Epa+Ean
group (Fig. 1a). Caftaric acid was synthesized in all groups
containing Epu, and the maximum content and productiv-
ity were found both in Epa+Epu and Epu (Fig. 1b). Cyna-
rin, chlorogenic acid, echinacoside, and cichoric acid were
detected in all groups, the highest content of cynarin was
found in Epa+Ean or Epa but the highest productivity was
observed in Epa (Fig. lc); the highest content and pro-
ductivity of chlorogenic acid (Fig. 1d) and cichoric acid
(Fig. 1f) were observed in Epa+Epu, whereas those for
echinacoside were observed in Epa (Fig. le). The content
and productivity of total caffeic acid derivatives (Fig. 1g)
reached the maximum in the Epa+Epu group.

Studies have indicated that co-culture is characterized by
enhanced metabolite accumulation and biosynthesis of spe-
cific metabolites. Subroto et al. (1996) found that a co-cul-
ture involving shooty teratomas and hairy roots of Atropa
belladonna produced the highest levels of scopomamine.
Sidwa-Gorycka et al. (2003) indicated that the xanthotoxin
and bergapten in A. majus hairy roots were detected in a
co-culture system consisting of A. majus hairy roots and
R. graveolens shoots but were absent in the single-culture
of A. majus hairy roots. Luczkiewicz and Kokotkiewicz
(2005) found that the co-culture of shoots and hairy roots of

Table 1 Effect of co-culture of different Echinacea species on dry weight and the total phenolic and flavonoid accumulation of adventitious

roots after 30 days culture in 5 L bioreactors

Echinacea species  Dry weight (g L~")  Total phenolics

Total flavonoids

Content (mg g ~! DW)

Productivity (mg L")

Content (mg g ~! DW)

Productivity (mg L")

Epa+Epu 6.8+0.1a 37.1+0.5a
Epa+Ean 53+0.1c 29.9+0.6b
Epa+Ean 42+02d 19.5+0.4e
Epa+Epa+Ean 3.8+0.1e 26.4+0.3c
Epa 6.1+0.2b 27.5+0.5¢
Epu 6.1+0.2b 30.9+0.7b
Ean 42+0.1d 22.8+0.3d

254.4+8.2a 344+0.2a 233.4+8.2a
157.8+5.3d 28.0+0.3c 147.8+5.6¢c
80.6 +3.7f 17.2+0.3f 71.1+3.6f
100.7 +2.9¢ 24.3+0.5d 92.9+4.5¢
168.0+6.2¢c 19.8 +0.4e 120.8+5.2d
188.0+5.8b 30.4+0.6b 185.0+5.9b
95.9+2.9¢ 18.1+£0.2f 76.3+£2.1f

Data are presented as the mean + SE of three replicates

The different letters within the same column indicate significant difference by Duncan’s multiple range test at P <0.05
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Genista tinctoria produced large amounts of a single isofla-
vone-isoliquiritigenin. Similar to these findings, our result
showed that accumulation of phenolics, flavonoids, and
caffeic acid derivatives was promoted in Epa+Epu. In the
present study, we firstly provided evidences that differences
occur between co-cultures and single cultures and that the
co-culture of different Echinacea species in one bioreactor
can be used for efficient production of metabolites. Studies
have indicated that co-culture affects metabolite accumula-
tion of cultures possibly because the metabolites produced
by one culture are excreted into the medium and the other
culture takes up certain metabolites for further biosynthe-
sis and conversion (Wu et al. 2008). However, the detailed

mechanism of this phenomenon remains unclear (Yue
et al. 2010). Therefore, further studies should identify the
chemical compounds of the culture’s excretion occurred in
the co-culture and investigate the relationship between the
excretion and metabolite synthesis for verifying the basic
mechanisms.

Moreover, the present study investigated the antioxi-
dant activity of ARs by evaluating the activities of DPPH
and -OH radical scavenging, Fe’* chelating, and reduc-
ing power. Antioxidant activities exerted a similar trend
in the four evaluation indexes (Fig. 2). In the co-culture
groups, the maximum activities of DPPH and -OH radi-
cal scavenging, Fe’™ chelating, and reducing power were
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Fig. 2 Effect of co-culture of
different Echinacea species on
antioxidant activities of adventi-
tious roots after 30 days culture
in 5 L bioreactors. Data are pre-
sented as the mean =+ SE of three
replicates. The different letters
within the same color column
indicate significant difference
by Duncan’s multiple range test
at P<0.05
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DPPH radical scavenging
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Fe?* chelating
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observed in Epa+Epu followed by those in Epa+Ean and
then in Epa+Epa+Ean. Among the single-species culture
groups, Epu showed the highest antioxidant activity fol-
lowed by Epa and then by Ean. In all experimental groups,
the maximum antioxidant activity was found in Epa+Epu.
Studies have indicated that Echinacea plants display an
antioxidant property, but different Echinacea species show
varied antioxidant activities (Mao et al. 2007). The antioxi-
dant activity of plants is related to phenolics and flavonoids
(Zou et al. 2012); we found that the antioxidant property
of Epa+Epu was higher than that of the other co-culture
or single-species culture groups, consistent with the accu-
mulated amounts of phenolics, flavonoids, and caffeic acid

1:1
Epa:Epu
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*OH scavenging
activity (%)

Reducing power
(OD)
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derivatives in ARs. Therefore, the present study suggested
that mass production of bioactive compounds by AR co-
culture of Echinacea species is an efficient approach, and
the Epa+Epu is the optimal combination group, although
a suitable inoculum proportion of Epa and Epu should be
selected to optimize the co-culture system.

Effect of inoculum proportion of Epa and Epu
in co-culture systems

The inoculum proportions of Epa and Epu in the co-cul-

ture system significantly affected AR biomass, bioac-
tive compound accumulation, and antioxidant activities.

~

R

Fig. 3 Adventitious root biomass at different inoculum proportions of Epa and Epu after 30 days co-culture in 5 L bioreactors. (Color figure

online)
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Figure 3 shows that AR biomass increased when the pro-
portion of Epa to Epu was increased from 1:6 to 4:3 but
decreased when the proportions were higher than 4:3. The
maximum DW was found at 4:3, which was significantly
higher than other proportion groups (Table 2). A similar
pattern was found in phenolic and flavonoid accumula-
tion. Table 2 shows that the groups with higher propor-
tions of Epa to Epu (1:1, 4:3, 5:2, and 6:1) produced higher
amounts of phenolics and flavonoids than the groups with
lower proportions of Epa to Epu (1:6, 2:5, and 3:4). The
phenolic and flavonoid contents were highest at 4:3 fol-
lowed by those at 5:2. The maximum productivity of phe-
nolics and flavonoids was also found at 4:3 inoculum pro-
portion. For caffeic acid derivative monomers, the effect
of inoculum proportion differed. Figure 4 shows that the
content of caffeic acid reached the maximum at three pro-
portions of 3:4, 1:1, and 4:3, but the highest productivity
at 4:3 proportion (Fig. 4a); for caftaric acid, the maximum
content and productivity were observed at 5:2 proportion
(Fig. 4b); the highest content of cynarinwas found at 3:4
proportion but the productivity at both proportions of 3:4
and 1:1 (Fig. 4c); for chlorogenic acid (Fig. 4d), echinaco-
side (Fig. 4e), and cichoric acid (Fig. 4f), their contents and
productivities reached the highest level at 4:3 proportion.
Total highest amount and productivity of caffeic acid deriv-
atives were observed at 4:3 inoculum proportion (Fig. 4g).
Moreover, the effect of inoculum proportion of Epa to Epu
reflected AR antioxidant property. Figure 5 shows that the
activities of DPPH,-OH radical scavenging, F62+ chelat-
ing, and reducing power increased with increasing propor-
tions of Epa to Epu, peaked at 4:3, and then decreased. This
trend was identical to the effect of increasing proportions of
Epa to Epu on accumulation of phenolics, flavonoids, and
caffeic acid derivatives.

Inoculum proportion is critical in biomass and metabo-
lite production in a co-culture system. Sidwa-Gorycka
et al. (2003) co-cultured the hairy roots of A. majus and

R. graveolens cells at varying inoculum proportions. Their
result showed that growth of hairy roots was inhibited in
the co-culture containing high proportions of R. graveo-
lens cell to A. majus hairy roots (6:1), wherein the growth
index was approximately 40 times lower than that in a low
proportion of Epa to Epu (1:6). Wu et al. (2008) indicated
that AR co-culture with high inoculum proportion of gin-
seng to Echinacea spp. (4:1 and 3:2) can produce increased
amounts of ginsenosides and caffeic acid derivatives. We
found that growth of AR and synthesis of phenolics, fla-
vonoids, and caffeic acid derivatives were higher under an
inoculum proportion of Epa to Epu of 4:3 than those under
other proportions. The selection of the appropriate inocu-
lum proportion in a co-culture system was thus a key factor
in accumulation of AR biomass and bioactive active com-
pounds (Luczkiewicz and Kokotkiewicz 2005).

Co-culture in bioreactors of different sizes

To confirm the adaptability of the co-culture in bioreactors
of different sizes, we co-cultured ARs (Epa:Epu=4:3) in
5, 10, and 20 L bioreactors. AR DW per liter of medium
increased with increasing bioreactor size and working vol-
ume; AR DW was highest in the 20 L bioreactor, in which
the AR DW was 1.2- and 1.1-fold higher than that in the
5 and 10 L bioreactors, respectively (Table 3). In addition,
phenolic and flavonoid content in the bioreactors with dif-
ferent sizes did not significantly differ, and the maximum
productivity of phenolics (416.7 mg L~') and flavonoids
(323.6 mg L") was found in the 20 L bioreactor (Table 3).
Synthesis of caffeic acid derivative monomers was simi-
lar to that of phenolics and flavonoids, and the contents of
caftaric acid (Fig. 6b), chlorogenic acid (Fig. 6d), echina-
coside (Fig. 6e), and cichoric acid (Fig. 6f) did not obvi-
ously differ among the bioreactors with different sizes, but
the caffeic acid (Fig. 6a) and cynarin contents (Fig. 6c¢)
in the 10 and 20 L bioreactors were higher than those in

Table 2 Effect of inoculum proportions of Epa and Epu on dry weight and the total phenolic and flavonoid accumulation of adventitious roots

after 30 days co-culture in 5 L bioreactors

Epa:Epu Dry weight (g L™ Total phenolics Total flavonoids
Content (mg g~! DW) Productivity (mg L") Content (mg g ~! DW) Productivity (mg L")

1:6 42+0.1f 20.5+0.3f 85.6+2.3¢g 10.8 +0.2f 45.1+3.1g

2:5 5.0+0.2e 29.6+0.5¢ 148.6 +4.3f 18.8+0.2¢ 94.4+4.0f

3:4 5.7+0.2c 35.0+0.4d 198.3 +4.6e 23.6+0.3d 133.7+5.0e

1:1 6.0+0.1b 41.8+0.6¢ 250.4+7.1c 30.4+0.3c 182.1+6.1c

4:3 6.5+0.1a 52.4+0.3a 340.2+8.9a 40.1+0.7a 260.3+9.2a

5:2 5.6+0.2cd 49.7+0.3b 275.6+5.7b 37.3+0.5b 206.8+5.7b

6:1 5.4+0.1d 40.6+0.2¢ 218.4+6.9d 30.4+0.5¢ 163.6 +8.1d

Data are presented as the mean + SE of three replicates

The different letters within the same column indicate significant difference by Duncan’s multiple range test at P <0.05
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Fig. 4 Effect of inoculum
proportions of Epa and Epu on
caffeic acid derivative accumu-
lation of adventitious roots after
30 days co-culture in 5 L biore-
actors. Data are presented as the
mean + SE of three replicates.
The different letters within the
same color column indicate sig-
nificant difference by Duncan’s
multiple range test at P <0.05.
(Color figure online)

Fig. 5 Effect of inoculum
proportions of Epa and Epu on
antioxidant activities of adventi-
tious roots after 30 days co-
culture in 5 L bioreactors. Data
are presented as the mean +SE
of three replicates. The different
letters within the same color
column indicate significant
difference by Duncan’s multiple
range test at P <0.05
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Table 3 Effect of bioreactor sizes on dry weight and the total phenolic and flavonoid accumulation of adventitious roots after 30 days co-culture

(Epa:Epu=4:3) in bioreactors

Bioreactor  Dry weight (g L™ Total phenolics Total flavonoids
size (L
@ Content (mg g ~! DW) Productivity (mg L") Content (mg g ™! DW) Productivity (mg L")
5 6.5+0.8c 522+1.3a 337.5+9.3c 40.8+0.8a 263.9+3.1c
10 7.2+1.2b 53.0x1.1a 378.8+8.2b 41.1x1.1a 293.7+5.7b
20 7.8+ 1.5a 533+19a 416.8+7.0a 414+10a 323.6+8.1a

Data are presented as the mean + SE of three replicates

The different letters within the same column indicate significant difference by Duncan’s multiple range test at P <0.05
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the 5 L bioreactor. Moreover, Fig. 6g shows that total the
amount of caffeic acid derivatives did not differ in the bio-
reactors of different sizes. The productivity of all caffeic
acid derivatives increased with increasing the sizes of the
bioreactor, 244.1 mg L~! of total caffeic acid derivatives
was produced in the 20 L bioreactor. This finding indicated

Bioreactor size (L)

that the established co-culture system (Epa:Epu=4:3) in a
5 L bioreactor is also suitable in larger bioreactors (10 and
20 L) at a laboratory scale; moreover, positive effect was
observed when a large bioreactor was used.

For mass production of metabolites, an optimized
bioreactor system can be established by performing
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numerous laboratory-scale experiments (Murthy et al.
2014), and the experimental data will serve as impor-
tant reference in designing a pilot-scale bioreactor and
to broaden its use. Therefore, researchers have conducted
laboratory-scale experiments on bioreactor size. Yin et al.
(2014) found that the fresh weight and DW of Glycyr-
rhiza uralensis AR were significantly higher in a 5 L bio-
reactor than in a 3 L bioreactor, but the amounts of gly-
cyrrhizic, glycyrrhetinic, and flavonoids did not change in
both bioreactors. Cui et al. (2013) showed that the growth
of E. angustifolia AR was higher in a 20 L bioreactor
than in a 5 L bioreactor but the amount of phenolics, fla-
vonoids, and cafferic acid derivatives did not significantly
differ. Furthermore, the present study found that AR bio-
mass enhanced with increasing bioreactor size, but bioac-
tive compound content in Echinacea AR co-culture sys-
tem did not change in the three bioreactors. In addition,
Choi et al. (2000) demonstrated that the saponin content
of P. ginseng ARs in the pilot-scale culture was similar to
that obtained in a small-scale bioreactor. We expect that
the established co-culture system of Echinacea ARs can
be successfully applied in the pilot-scale bioreactor as an
alternative material source for stable production of bioac-
tive compounds.

Conclusion

Co-culture of AR of Echinacea species effectively
improved bioactive compound synthesis and can produce
the compound (caffeic acid) that is not detected in single-
species cultures; however, the effect of the different combi-
nations of Echinacea species varied. The co-culture group
Epa+Epu exerted positive effect on AR biomass, accumu-
lation of phenolics, flavonoids, and caffeic acid derivatives,
and antioxidant activity. The inoculation proportion of Epa
to Epu is critically important, and the maximum AR DW
and biosynthesis of phenolics, flavonoids, and caffeic acid
derivatives were found at an Epa to Epu proportion of 4:3,
under which the antioxidant activity of ARs peaked. When
the established co-culture system was used in bioreactors
of different sizes (5, 10, and 20 L), AR biomass increased
in the large bioreactor (20 L), and the amount of the bio-
active compounds did not decrease. The present study pro-
vides a novel co-culture technique for mass production of
Echinacea bioactive compounds and the cultured ARs are
expected to be used as an alternative raw material for the
production of Echinacea-derived products.
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