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Production of Adventitious Ginseng Roots Using Biorectors
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ABSTRACT Panax ginseng is an important medicinal plant that has been used worldwide for geriatric, tonic, stom-
achic, and aphrodisiac treatments. Ginsenosides contained in the ginseng root are the main substances having
active functions for human body. The price of ginseng is very expensive due to a complex process of cultivation,
and the yield of ginseng is limited, which cannot meet the demand of the increasing market. Researchers have
applied plant biotechnology to solve the problems but there are still things to be determined towards ginsenoside
production by large-scale adventitious root culture. In this experiment, 5 to 20 liter bioreactors were employed to
determine optimal conditions for adventitious root culture and ginsenoside production of Panax ginseng. Callus was
induced from the ginseng root on MS agar medium containing 1.0 mg - L'24-Dand 0.1 mg - L' kinetin. Then the
callus was cultured on MS agar medium supplemented with 2.0 mg - L' IBA, 0.1 mg - L' kinetin, and 30 g- L' to
induce adventitious roots. The maximum root growth and ginsenoside production were obtained in 1/2 MS medi-
um. 2.0 mg - L naphthalene acetic acid resulted in greater root growth than 2.0 mg - L' indole-3-butyric acid.
Ginsenoside content increased with 2.0 mg - L benzyl adenin or kinetin. High concentrations of benzyl adenin
(above 3.0 mg - L'l) decreased the adventitious root growth and ginsenoside productivity. NH4" inhibited the gin-
senoside accumulation, while high concentrations of K*, Mgz", and Caz" increased it. NH4" at 0.5 and 1.0 times of
the normal amount in 3/4 SH medium resulted in the greatest biomass increase, but the highest ginsenoside pro-
ductivity was obtained when NO3™ was used as the sole nitrogen source in the medium. Most microelements at high
concentrations in the medium inhibited the root growth, but high concentrations of MnSO4 enhanced the root
growth. Root dry weight increased with increasing sucrose concentrations up to 50 g - L', but decreased from 70
g- L. Ginsenoside productivity was maximized at the range of 20t0o 30 g - L' sucrose. In the experiment on biore-
actor types, cone and balloon types were determined to be favorable for both adventitious root growth and ginseno-
side production. Jasmonic acid was effective for increasing ginsenoside contents and Rb group ginsenosides mainly
increased. These results could be employed in commercial scale bioreactor cultures of Panax ginseng.
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. cer. It is also thought to promote longevity. The most
Introduction _ . o o
important active component in ginseng roots is ginseno-

side. Up to date, more than 20 different ginsenosides

Panax ginseng C.A. Meyer belongs to the Araliaceae
family and is traditionally considered one of the most
potent medicinal plants in the Orient. Ginseng has been
used for centuries as a health tonic. It is an antibiotic

and has therapeutic properties against stress and can-
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have been identified (Lee et al. 1995).

The demand for ginseng roots and its extracts has
increased over the past years. Ginseng plants collected
from their natural habitats have become so scarce that
a wild specimen may be sold for millions of dollars.
Ginseng plants are cultivated in local farms throughout
Korea and China since the cultivation is a long and

laborious process and the cultivated ginseng roots are



expensive commodities.

Ginseng is cultivated under artificial shade or simu-
lated forest conditions to meet its requirements of about
30% of full sunlight (Persons 1995). Seeding is still a
principal propagation method of ginseng, which takes
about 4 to 6 years to harvest. In addition, disease con-
trol remains the central problem in commercial cultiva-
tion of ginseng. Ohh (1986} has quantified losses from
diseases in Korea as follows: anthracnose (20%-47%),
damping off (55-50%), root rot (1%-60%), phytophthora
(2%-30%), and alternaria blight (10%-20%). Con-
sequently, the commercial cultivation of ginseng has
required the application of pesticides, which resulted in
the serious problem of pesticide residues. No efficient
methods were found to control the pesticide residues
even many approaches have been concerned (Yu and
Ohh 1995; Joy and Parke 1995). Another major prob-
lem in ginseng cultivation is that a second planting
made in the same ground will fail, a phenomenon
known as a replant disease. Growers recognize the
problem and do not replant at the same site. This poses
a problem of limited land base for cultivation in Korea.
Ginseng replant disease is very complex (Li 1995; Yu
and Ohh 1995} even though Ohh et al. (1992) confirmed
that Cylindrocarpon destructants was the causal organ-
ism leading to replant problems. Due to these problems,
the traditional cultivation method cannot meet the
increasing demand of ginseng market, especially the
demand of ginsenosides.

Proctor and Bailey (1987) reviewed in vitro culture of
various tissues of ginseng and the production of gin-
senosides from the cell or the tissue has been success-
ful (Furuya et al. 1983; Inomata et al. 1993). For
Commercial scale production, a large amount of gin-
senosides must be produced from ginseng cells at one
time. Choi et al. (1995) selected two ginseng cell lines,
KGC 13 and KGC 15, for ginsenoside production and of
these KGC 13 produced the highest level in 34 days.
Akalezi et al. (1997) (1999) investigated the effects of ini-
tial sucrose concentration and inoculum size on cell
growth and saponin production in suspension cultures
of P. ginseng. Gubar et al. (1997) investigated callus
growth and glycoside accumulation in ginseng callus
culture under a long-term action of exogenous phyto-
hormones. Zhong (1998) found that a high concentra-
tion of kinetin (7 mg - L'l) seriously inhibited cell
growth. The highest saponin content of 13.9% was

achieved under 2.0 mg - L' IAA and 0.07 mg - L™
kinetin. Nitrogen source also affects the production of
ginsenosides and polysaccharides in ginseng cell cul-
ture. The maximum production of saponin and polysac-
charide was achieved when nitrate was used as the sole
N source (Liu and Zhong 1997; Zhong and Wang 1998).
Optimal concentrations of phosphate are dependent on
the purposes: 1.04 mM for cell growth and 0.42 mM for
saponin production.

Cell and tissue differentiation is necessary for the
synthesis of secondary metabolites in plant cells
(Kutney 1998) and considering the fact, adventitious
root culture might be more suitable for ginsenoside pro-
duction compared to callus culture. Recently, commer-
cial scale cultures of ginseng adventitious roots are tried
using large-scale bioreactors (Seon et al. 1999 and Son
et al. 1999a). Yet, more works are needed toward the
commercial use: It is important to determine the opti-
mal culture conditions for adventitious root growth and
ginsenoside production in small-scale bioreactors, by
which large-scale bioreactor culture of ginseng adventi-
tious roots could be established.

Callus induction and proliferation of ginseng
adventitious roots

For callus induction, ginseng root pieces were inocu-
lated on MS medium supplemented with 1.0 mg - L'
2,4-D, 0.1 mg - L' kinetin, and 3% sucrose. In callus
proliferation, 2.0 mg - L' 1AA, 5.0 mg - L' IBA, or 0.5
mg - L' 2,4-D combined with 0.1 mg - L' kinetin were
suitable, among which 5.0 mg - L” IBA and 0.1 mg - L”
kinetin resulted in the greatest biomass increase. Then
adventitious roots were induced from the callus on MS
agar medium supplemented with 2.0 mg - L' IBA, 0.1
mg - L' kinetin and 3% sucrose. The roots induced
were subcultured in 400 mL conical flasks containing
100 mL of MS liquid medium supplemented with 2.0
mg - L' IBA, 0.1 mg - L' kinetin and 3% sucrose until
they reached certain biomass. Finally the roots were
transferred to 5 liter cone type bubble bioreactors and
cultured for 6 weeks.

Adventitious roots of mountain ginseng could also
be obtained through the same process as in the case of
ginseng. 2,4-D (2.0 mg - L'l) was used for callus induc-

tion and IBA for adventitious roots initiation and prolif-



eration (Son et al. 1999b). Furuya et al. (1983a) found
that 2,4-D was essential for callus growth of Panax gin-
seng, but high concentrations of 2,4-D (0.5 mg - L' or
more) remarkably inhibited the growth. It can be con-
cluded that 2,4-D is suitable for induction and growth
of the callus, while IBA is favorable for induction and
proliferation of the adventitious root in ginseng culture.

There are distinct stages in adventitious root initia-
tion: a) induction of a new meristematic locus, b) early
cell divisions, c) later cell divisions to form an organized
and determined root meristem, d) development of the
root by cell growth from the meristem. In our experi-
ments, adventitious roots in bioreactors became inflated
and looked like callus; perhaps there is a dedifferentia-
tion stage and a redifferentiation stage in the process of
proliferation of the adventitious roots.

Effect of medium salt strength on adventitious
root growth and ginsenoside production

Maximum root biomass and growth rate were
obtained in 1.0 MS medium, and low salt strengths (1/2
and 2/3 MS medium) were suitable for both root growth
and ginsenoside productivity. High salt strength (2.0
MS medium) inhibited the growth of adventitious roots,
which leaded to the high ginsenoside content but low
ginsenoside productivity.

There are reports of the effect of salt strength on root
growth and secondary metabolite production in other
medicinal plants. In Bupleurum falcatum, 1.0 MS medi-
um was efficient for both the adventitious root growth
and saikosaponin production (Yamamoto and Kamura,
1997). Of the twelve basal media tested in mountain
ginseng adventitious root study, WPM (Lloyd and
McCown 1981} allowed relatively high rate of root
induction capacity as well as growth of the newly
induced adventitious roots (Son et al. 1999c). Further
experiments should be carried out with other kinds of
media to determine optimal salt strength.

Effects of plant growth regulators on adventi-
tious root growth and ginsenoside production

Root growth enhanced by increasing IBA concentra-
tion: The best results in fresh weight, dry weight, and
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growth rate were obtained at 4.0 mg - L. However,
increased IBA decreased the percentage of root dry
weight. In the case of NAA treatments, 2.0 mg - L'
induced greatest root growth. When compared NAA to
IBA at the same concentration, NAA resulted in greater
root growth than IBA. Considering these results, 2.0
mg - L' NAA was determined to be optimal for the
adventitious root growth. BA and kinetin concentrations
also affected the root growth and ginsenoside produc-
tion. Yet, no significant difference in root growth was
observed between BA and kinetin, resulting in the
greatest root growth in 2.0 mg - L' BA and kinetin.
Plant growth regulator is one the key factors to influ-
ence the biomass increase and secondary metabolites
production. In safflower cell cultures, high concentra-
tion of auxin was required for the cell growth, while
high concentration of cytokinin was favorable for red
and yellow pigment production {Hanagata et al. 1994).
In Panax notoginseng cell culture, Zhong (1998) found
that a high concentration of kinetin (7 mg - L") serious-
ly inhibited cell growth, while a high concentration of
IAA (10 mg - L'} combined with a low concentration of
BA (0.1 mg - L") increased saponin production. It can
be concluded that the kinds and concentrations of
growth regulators that are optimal for root growth and
secondary metabolite production depend on plant

species.

Changes in root growth and medium compo-
nents as affected by addition of culture medi-
um

Ginseng adventitious roots were grown in 20-liter
bioreactors containing 4 liters culture medium for 6
weeks. To increase the root growth, the same amount of
the medium was added in 3 weeks after culture. Fresh
weight, dry weight, and growth rate of the adventitious
roots remarkably increased after 6 weeks of culture,
while ginsenoside content decreased.

Sucrose content and electric conductivity decreased
right after feeding the medium, while fructose and glu-
cose contents increased. All anion contents (Cl, NOs',
H2POs', SO4') decreased after feeding the medium but
changes in cation contents were different among
cations. In the case of cations, NH4" was almost deplet-
ed in 3 weeks of culture before feeding the medium and
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was consumed all after feeding the medium. These
results indicated that a large amount of NH4" is
required for the root growth. There were little changes in
Na’ and K during the whole culture period. Mga" and
Ca2" were absorbed gradually as in the case of anions.
From the results, it could be concluded that sucrose
and NH4;" were the key elements for ginseng adventi-
tious root growth.

Effects of macro and microelements on
adventitious root growth and ginsenoside
Production

Normal MS medium was suitable for the adventi-
tious root growth, but 1/2 or 3/4 MS medium was more
suitable for ginsenodie production. NHs" content in 3/4
SH medium resulted in high biomass growth, but it was
harmful for ginsenoside synthesis. Highest ginsenoside
content was obtained from SH medium without con-
taining NH4', indicating that NHs" inhibited ginsenoside
accumulation. Likewise, low concentrations of K*, Mg>",
and Caz” were effective in biomass increase, while high
concentrations of those elements were suitable for gin-
senoside production.

Five or ten times the concentrations of CoCls,
CuS04, Kl, and ZnS0O: in 3/4 SH medium inhibited the
adventitious root growth. In the case of MnSOa4, 5 times
concentration in the same medium increased the
adventitious root growth, but 10 times decreased the
root growth. Ginsensoide production was enhanced by
10 times concentrations of CuSO4 and ZnSO4, and 5
times concentration of MnSQs in the culture medium.
However, KI and CoClz inhibited both the adventitious
root growth and ginsenoside production at 5 to 10 times
high concentrations of the culture medium. Considering
this, KI and CoCla concentrations should be controlled
at low levels in ginseng adventitious root culture.

The initial phosphate level in medium was claimed
to be one of the most important factors influencing
plant cell cultures. In suspension cultures of Panax
notoginseng, both cell growth and saponin accumula-
tion were greatly improved by increasing the initial
phosphate concentration in the culture medium by 1.25
mM. However, phosphate concentrations more than 1.5
mM, gave a negative effect on saponin production.

The effect of ammonium/nitrate (NHs'/NO3') ratios

in MS medium on adventitious root growth and gin-
senoside production was investigated. The result sug-
gested that nitrate played an important role in biomass
increase and ginsenoside production rather than
ammonium. High NH4" concentrations inhibited both
root growth and ginsenoside production. Maximum gin-
senoside productivity was obtained when nitrate was
used as the sole N source and the greatest adventitious
root biomass was obtained at a 1: 2 ratio of NHs" to
NOs'. 1: 2 NH4"/NO3 ratio also resulted in the second
highest ginsenoside productivity. Similar results were
obtained in Panax quinquefolium cell culture (Zhong and
Wang 1998). They reported that a high growth rate and
a great final cell biomass were obtained at low ratios of
ammonium to nitrate, and the maximum production of
saponin and polysaccharide was archived when nitrate
was used as the sole nitrogen source. The maximum
production of ginseng saponin and polysaccharide was
obtained at 0:1 and 1:2 ammonium/nitrate ratios,
respectively. In Pinus strobus cell culture, it was also
claimed that high concentrations of ammonium inhibit-
ed callus and cell growth (Kaul and Hoffman 1993). In
anthocyanin production by cell cultures of Aralia corda-
ta, it was necessary to optimize nitrate to ammonium
ratio for improving metabolite accumulation (Sakamoto
et al. 1994). In cell culture of Lithospermum erythrorhi-
zon, shikonin synthesis was inhibited by ammonium
ions in the culture medium and the addition of nitrate
was required at the end of the growth phase (Tabata
and Fujita 1985).

As described above, nitrate and ammonium ions
have different effects on cell cultures, as well as in tis-
sue and organ cultures. Nitrate is known to promote
secondary metabolite synthesis, while ammonium
inhibits it. Therefore, it is very important to select opti-
mal nitrogen sources and ammonium/ nitrate ratios
accordiﬁg to plant species in the secondary metabolite
production.

Effects of sucrose concentration and osmotic
agent on the adventitious root growth and gin-
senoside production

Sucrose is an important carbon source for plant cell
and tissue cultures. It has been demonstrated that ini-

tial sucrose concentration can affect a number of cul-



ture parameters such as growth rate and yield of sec-
ondary metabolite in plant cell cultures. For example, in
the cell suspension culture of Perilla frutescens, a rela-
tively higher sucrose concentration (45 g - L") was
favorable to anthocyanin production (Zhong et al. 1994;
Zhong and Yoshida 1995). Zhang et al. (1996) reported
that the initial sucrose concentration affected cell
growth and saponin production in Panax ginseng. They
obtained the maximum cell growth at an initial sucrose
concentration of 30 g - L' and the maximum saponin
production at initial sucrose concentrations of 6 to 8
g- L. The results of our experiment also confirmed the
influence of initial sucrose concentrations on the adven-
titious root growth of Panax ginseng: Sucrose concen-
trations were varied at 10, 20, 30, 50, 70, and 90 g - L'
to observe difference in the adventitious root growth.
Root dry weight increased with increasing sucrose con-
centration up to 50 ¢ - L', then decreased from a
sucrose concentration of 70 g - L. Maximum fresh
weight, dry weight, and growth rate of the roots were
obtained at a 50 g - L' sucrose. Sucrose concentrations
over 70 g - L' inhibited fresh and dry weight of the
roots. The effect of sucrose concentrations on ginseno-
side production is under investigation.

Osmotic agents (sorbitol and mannitol) also affected
the root dry weight and the ginsenoside productivity.
Treatments of osmotic agents increased the root growth
but decreased the ginsenoside productivity. Root dry
weight increased at 0.1 M mannitol or sorbitol but
decreased with increasing those concentrations, result-
ing in half the dry weight at 0.5 M. Ginsenoside produc-
tivity was lowered by the addition of the osmotic agents.
Particularly, a high concentration (0.5 M) of mannitol
strongly inhibited ginsenoside production. Further
experiments are required to select more suitable osmot-
ic agents for both root growth and ginsenoside produc-

tion.

The Effect of bioreactor types on the adventi-
tious root growth and ginsenoside production

Roots were grown in 4 different types of bioreactor
for 5 weeks: Cone type, balloon type, Bulb type, and
Drum type. Cone and balloon type bioreactors were far
more effective in the root growth and ginsenoside pro-

duction compared to the other two types. Root biomass
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and ginsenoside contents were correlated with the
amounts of salt elements and sucrose that were con-
sumed during the culture: The higher uptake in salt ele-
ments and sucrose, the more increase in root biomass.
There were differences in root biomass increase and gin-
senoside accumulation during the culture. Root growth
was slow for the first two weeks, and accelerated during
the 3rd and the 4th week. After that, the root growth got
into a stationary stage. On the other hand, ginsenoside
content began to increase slowly after three weeks of
culture and peaked at the fifth week. It was considered
that the reason for differences in root growth and gin-
senoside production according to bioreactor types was
different type of air-flow imported into the bioreactors.
The cells and organs cultured in bioreactors were
strongly subjected by three forces: agitation-based lami-
nar force, turbulent force, and bubble-based force
(Namdev and Dunlop 1995). Likewise, ginseng adventi-
tious roots cultured in different types of bioreactor were
influenced by different air agitating environments. It has
been confirmed that agitation in bioreactors affected cell
aggregation and secondary metabolites production (Su
1995).

The effect of elicitors on ginsenoside produc-
tion

Elicitor induced accumulation of secondary metabo-
lites has received attention (Eilert 1987). An activation
of monoterpenic indole alkaloid biosynthesis by jas-
monates was reported in Catharanthus roseus and
Cinchona ledgeriana seedlings (Aerts et al. 1994) and in
cell suspensions of Rauvolfia canescens (Gundlach et al.
1992). In plant-pathogen interaction, jasmonates are
powerful inducers of genes encoding pathogen protec-
tants such as proteinase inhibitors (Herde et al. 1996),
stress protectants such as osmotin (lehmann et al.
1995}, or enzymes such as phenylalanine ammoni-
alyase and chalcone synthase or 3-hydroxy-3-methyl-
glutaryl Coenzyme A reductase (HIMGR} (Maldonado-
Mendoza et al. 1994). In C. roseus suspension cells cul-
tured in a 2,4-D-starved medium, exogenous jasmonic
acid greatly increased alkaloid production (Gantet et al.
1998).

In our experiment, jasmonic acid was used as an

elicitor to increase ginsenoside content. Total ginseno-
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side content lineally increased with increasing concen-
trations of jasmonic acid up to 10 mg - L. Total gin-
senoside content increased about 6 times by 10 mg - L'
jasmonic acid compared to control. The effect of jas-
monic acid appeared in an early stage of culture. For
example, 2.0 mg - L’ jasmonic acid resulted in 4.3
times increase in total ginsenoside content 7 days after
treatment. Ginsenosides mainly increased were Rb
group, while the contents of Rg group ginsenosides were
kept stable. Among the ginsenosides, the contents of Rg
bl, Re, Rb2, and Rd increased more than those of oth-
ers. It is required to experiment with other elicitors to

select better elicitors for ginsenoside production.

Conclusion

Ginseng adventitious root culture has advantages in
ginsenoside production over cell or callus cultures.
Especially, application of bioreactor systems in the
adventitious root culture could make it possible to pro-
duce ginsenoside in commercial scale. Bioreactor cul-
ture system is more advanced than the traditional tis-
sue culture system as the culture conditions in bioreac-
tors can be optimized by on-line manipulation of the
culture conditions, e.g., temperature, pH and the con-
centrations of dissolved oxygen, carbon dioxide, nutri-
ents and so forth. Nutrient uptake can also be
enhanced by continuous medium circulation, which
ultimately increased cell proliferation rate. In this paper,
we introduced effects of culture conditions on ginseng
adventitious root growth and ginsenoside production in
bioeactors. It could be possible to establish commercial
scale bioreactor systems in ginsenoside production if
further experiments are carried out with detailed fac-

tors.
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