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Production of Acteoside in Hairy-Root Culture of

Paulownia fortunei Hemsl.

Kuo-Lung Ku,”  Ching-Fen Hsu,”  Yue-Ken Liao™
[ Summary ]

In vitro grown paulownia (Paulownia fortunei Hemsl.) seedlings were inoculated with Agro-
bacterium rhizogenes (BCRC 15011; (ATCC 43057)) to produce hairy roots for acteoside (AS)
production. Hairy-root lines 7-6, 23-1, and 55-1 were first cultured in MS liquid medium (50 mL
flask™") to monitor their AS production, and line 55-1 was determined to have the maximal pro-
ductivity (13.12+2.36 mg flask™"). Subsequent examinations of this culture line revealed that MS
medium and its dilutions (X 1/2 and X 1/4 strength) all provided suitable nutrient components for
AS production and were better than the other concentrations tested (p < 0.05). It was observed that
when the medium was supplemented with 60 g L™ sucrose, better AS production was also achieved
(» < 0.05) due to enhancement of root growth. Ethanol (EtOH; 9.5% (v/v)), a commonly used
solvent for elicitor preparation, was determined to be inhibitory and caused a correspondingly low
AS content when applied to the medium. A 24-h pulse treatment of methyl jasmonate (MeJA), dis-
solved in an appropriate concentration of EtOH and adjusted to a final concentration of 0~50 pM,
was tested on a 28-d-old root culture and was noted to have had a non-significant effect on AS ac-
cumulation. Further investigation is necessary to define a better combination of pulse duration and
elicitor concentration to improve AS production with this culture system.
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INTRODUCTION

When acteoside (AS) was first isolated
from Verbascum sinuatum L., it was given the
name “verbascoside”. The chemical structure
of this compound was elucidated by Birkofer
et al. (1968), who extracted it from the violet
flowers of Syringa vulgaris L. and introduced
the new name of “acteoside”. This compound
was identified as a phenylpropanoid glyco-
side and was later extracted from many other
plant species, e.g., Plantago spp. (Jensen et
al. 1996, Franzyk et al. 1998, Li et al. 2005),
Verbena officinalis L. (Calvo et al. 1997),
Picconia excelsa (Ait.) DC. (Damtoft et al.
1997), Faradaya spp., Oxera spp. (Grayer
and de Kok 1998), Fraxinus ornus L. (los-
sifova et al. 1999), Olea europaea L. (Ryan
et al. 1999, Owen et al. 2003), Clerodendrum
trichotomum Thunb. (Hsien 2001), Teucrium
chamaedrys L. (Avula et al. 2003), Cistanche

tubulosa (Schenk) Wight (Chen et al. 2005),
Eremostachys glabra Boiss. (Delazar et al.
2005), and Dolichandrone serrulata (DC.)
Seem. (Sinaphet et al. 2006). However, in
most of the aforementioned documented re-
ports, only detection of this compound in the
respective examined plants was described and
no further application was pursued.

AS exhibits antioxidant and free radical-
scavenging properties (Chiou et al. 2003) as
well as having antihypertensive (Ahmad et
al. 1995), hepatoprotective (Lee et al. 2004,
Morikawa et al. 2010) and neuroprotective
attributes (Sheng et al. 2002, Tsai 2006, Wang
et al. 2009). It was also determined that AS
presents antiviral (Kernan et al. 1998), an-
tiproliferative (against lymphocytic mouse
leukemia L-1210 cell growth) (Herbert et al.
1991), and immunosuppressive (Kimura et
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al. 1987) properties. All of this means that the
possibility of commercial production of AS is
worth intensive study.

Advanced callus or cell-suspension
culture methods have been used to maintain
target plant cells in the rapid proliferative
phase. The increased cell mass can be used as
a source for AS extraction (Ellis 1983, Dell et
al. 1989, Inagaki et al. 1991, Nezbedova et al.
1999, Skrzypek and Wysokinska 1999, Lu and
Mei 2003, Chen et al. 2007, Estrada-Zuniga
et al. 2009). In addition to studies where plant
materials were collected from proliferating
cells or calli, AS production is also possible
from hairy-root culture (Wysokinska and
Rozga 1998, Fons et al. 1999, Nishikawa
et al. 1999, Kovacs et al. 2004, Dhakulkar
et al. 2005, Grabkowska et al. 2010).

The “hairy root” is a genetically modi-
fied organ derived from Agrobacterum rhizo-
genes-mediated gene transformation. It has
a high growth rate under in vitro conditions
with no need for incubation with plant growth
regulators (PGRs). This criterion is impor-
tant, even crucial, when one is considering a
culture system to produce valuable secondary
metabolites for pharmaceutical or nutraceuti-
cal purposes. Another advantage derived from
hairy roots is that the root cultures are usually
able to produce the same metabolites found in
the wild-type counterparts of the same plant
species, without the loss of concentration
frequently seen in callus or cell-suspension
cultures (Kim et al. 2002).

Based on the above-mentioned cir-
cumstances, the present report deals with in
vitro studies establishing hairy-root culture
of Paulownia fortunei Hemsl. for mass AS
production. Culture conditions (parameters)
that influenced AS production were briefly
examined, providing some basic information
for possible application of this system in a
scaled-up experiment. Tolerance to solvent
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concentrations applied for elicitor preparation
and elicitation by methyl jasmonate (MeJA)
were also investigated for their feasibility of
manipulating AS accumulation in stressed
cultures.

MATERIALS AND METHODS

Hairy-root culture preparation

Hairy-root cultures (lines 7-6, 23-1, and
55-1) were obtained from our prior study
(Liao and Jhuang 2007). They had been sub-
cultured every 4~6 wk for 4 yr on agar-solid-
ified, PGR-free MS medium (Murashige and
Skoog 1962) (Fig. 1A). In the current study,
the experimental materials were prepared by
excising sections of a hairy-root tip (ca. 2.0
cm) and then transferring them into MS liquid
medium (Fig. 1B). The procedures applied for
this liquid culture are further described below
and for simplicity defined as “standard cul-
ture procedures” (SCPs). A 250-mL Hinton’s
flask (horizontally baffled across the bottom)
was used in the procedures as the culture ves-
sel. It contained 50 mL of liquid MS medium
(pH 5.8; 0.3% (w/v) sucrose) for root growth.
The flasks were shaken at 80 rpm on a rotary
shaker and incubated at 21+ 1°C with a 16-h
photoperiod under cold white fluorescent
light (TFC HSU-GUANG, FL40D/38, Taipei,
Taiwan) mixed with incandescent light (PT.
Philips, GLS A55; 100W/E27, Sidoarjo, Indo-
nesia) at 33.3 pmol m” s™'. Hairy roots were
subcultured on the same medium every 21 d
to increase the biomass which was used as the
stock material for subsequent experiments.
The same SCPs were followed throughout the
entire study unless otherwise stated.

Confirmation of the genetic transforma-
tion

An examination was first carried out to
confirm that the hairy-root cultures which
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Fig. 1. Hairy-root culture (line 55-1) of Paulownia fortunei maintained in vitro for 4 yr (A)
and root tip sections inoculated in MS liquid medium for preparation of stock material (B).

had been genetically transformed by 4.
rhizogenes (BCRC 15011; (ATCC 43057)
purchased from the Food Industry Research
and Development Institute, Hsinchu, Taiwan)
still included the inserted tDNA after such a
long period of time. Bacterial plasmid DNA
was extracted utilizing a commercial extrac-
tion kit (High-speed Plasmid Mini Kit, Ge-
neaid, Sijhih, Taiwan) as a positive control.
Another extraction kit (Plant Genomic DNA
Mini Kit, Geneaid) was used for extracting
genomic DNA from 3 hairy-root lines and
an in vitro grown (non-infected) root sample
of a paulownia seedling (used as a negative
control). All these DNA samples were sub-
jected to polymerase chain reaction (PCR)
processing to amplify the tDNA rolC gene
fragment with primers of 5’-CTGTACCTC-
TACGTCGACT-3’ and 5’-TCAGTCGAGT-
GGGCTCCTTG-3’ (Hosokawa et al. 1997).
The DNA extraction process was carried out
according to instructions provided by the kit
manufacturer, and the PCR conditions and gel
electrophoresis methods followed procedures
described by Liao and Jhuang (2007). The
PCR-amplified products were further isolated
from the gel for DNA sequencing. Sequence
data were compared with the NCBI database

to provide evidence of genetic transformation
events.

Measurement of hairy-root growth and
AS accumulation among culture lines

Root-tip sections were excised form
SCP-incubated stocks of culture lines 7-6,
23-1, and 55-1 (0.5 g per inoculum) before
being transferred into separate 250-mL flasks.
The subsequent incubation processes were as
described in the SCPs. However, the growth
(increase in biomass) of the root cultures and
their internal AS accumulation were deter-
mined after 35 d of incubation (without sub-
culturing). The basic measurements of hairy
roots included the fresh weight (FW) increase
(mg flask™), dry weight (DW) increase (mg
flask™), AS content (mg (g DW)") and overall
AS production (mg flask™). The best culture
line (55-1), was determined by measuring the
overall AS production, and was used for sub-
sequent experiments.

Selection of medium strength

The same inoculation method as de-
scribed in the preceding section was fol-
lowed for incubation of hairy-root line 55-1,
which also proceeded according to SCPs.
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The strength of the MS medium was adjusted
to 5 levels (X2, X I(control), X 1/2, X 1/4,
and X 1/8) to determine the most suitable
concentration for supporting root growth and
AS accumulation. Root cultures were grown
for 35 d (without subculturing), and basic
measurements were carried out as described
above. The best medium strength (X 1/2) thus
determined was then applied in subsequent
experiments.

Time-course changes in root growth and
AS accumulation

Kinetic studies on root growth and AS
accumulation in the hairy-root line 55-1 were
carried out by incubating the cultures in 1/2
MS liquid medium for a 35-d culture period,
with monitoring at 7-d intervals. SCPs were
followed, and basic measurements were taken
each sampling day. Information provided by
this experiment showed that AS production
entered a stationary phase after day 28; there-
fore, the culture period was extended to no
longer than this stage in subsequent experi-
ments.

Selection of sucrose concentration
Hairy-root line 55-1 was incubated ac-
cording to SCPs with different amounts of
sucrose (60, 30, 15, 7.5, and 3.75 g L") sup-
plemented as the carbohydrate source in 1/2
MS liquid medium for 28 d. These cultures
were then collected for basic measurements.
The experimental results provided evidence
of which sucrose concentration was superior,
and a level of 60 g L' was used thereafter.

Determination of the ethanol (EtOH)
level for elicitor preparation

Combining all optimized variables de-
termined in the above experiments, hairy-
root line 55-1 was incubated in 1/2 MS liquid
medium (with 60 g L sucrose) for 28 d under
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SCPs. The entire root mass was collected
from the flask and blotted dried to remove
any residual medium. The root mass was then
aseptically transferred to a Petri dish atop 5
Whatman No. 1 filter pieces (sterilized). Five
milliliters of 1/2 MS liquid medium (with 60
g L' sucrose) with the addition of 95% (v/v)
EtOH was filtered and aseptically poured
into the dish for a 24-h pulse treatment. The
final EtOH concentrations were adjusted
to 0, 0.0475, 0.190, 0.475, 4.75, and 9.5%.
Basic measurements were taken after this
pulse treatment. The inhibitory concentration
(9.5%) of EtOH was determined and elimi-
nated from future applications.

MeJA elicitation

The same culture preparation method
as described for the EtOH determination test
was again applied in this experiment. How-
ever, the addition of 5.0 mL of the EtOH-con-
taining medium to the Petri dish was replaced
by the same volume of 1/2 MS liquid medium
supplemented with a MeJA solution for cul-
ture elicitation. The final concentrations of
MeJA were 0, 2.5, 5.0, 10, 20, and 50 uM
prepared using 95% EtOH as the solvent, and
the final EtOH concentration was adjusted to
1.9%. The MeJA-containing medium (5 mL)
was also (0.2-um) filter-sterilized and added
to the dish for a 24-h pulse treatment after
which basic measurements were taken.

AS extraction and high-performance liq-
uid chromatographic (HPLC) analysis
At the end of the each experiment, hairy
roots grown in the flask or treated in the Petri
dish were collected for an HPLC analysis.
They were first weighed (FW measurement)
and then oven-dried at 70°C to reach a con-
stant weight (DW measurement). Samples
were then ground up into a fine powder be-
fore being extracted 3 times (15 min for each
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extraction) in methanol (MeOH; 3 X 15 mL).
The extracts were combined and adjusted
to 50 mL with MeOH, before being filtered
through a 0.2-um filter and injected into the
HPLC system.

The HPLC system was equipped with
a pump (L-7100, Hitachi, Tokyo, Japan), a
reverse-phase C-18 column (250X 4.6 mm
i.d., 5 um particle size; Hypersil Gold, ref. no.
25005-254630, Thermo, Waltham, USA), and
a UV detector (330 nm; Waters 484, Milford,
USA). Gradient elution of the moving phase
for fraction separation was programmed to
maintain a constant flow rate of 1.0 mL min™
with MeOH (solvent A) and H,O containing
1.0% acetic acid (solvent B). The gradient
profile with the following proportions of sol-
vent A was applied (T,,,, %A): (0, 24), (8,
27), and (25, 80).

To determine the quantity of AS in the
MeOH extracts, a calibration curve (y =
11730x — 12247; R = 0.9999) of AS respons-
es (area readings of the AS-specific peak),
correlated to the reference AS concentrations
of 1, 5, 10, 25, 50, 100, 250, and 500 ppm,
was first established. The AS peak of the
MeOH extracts was separated and identified
by comparing the retention time with the ref-
erence compound (Fig. 2), which was kindly
provided by Prof. Tung-Hu Tsai (National
Yang-Ming Univ., Taipei, Taiwan) and pre-
pared as a 50% MeOH solution.

Statistical analysis

In this present study, a completely ran-
domized design was applied for all experi-
ments. The experiments were repeated twice
with each treatment covering 5 bottles of
hairy-root cultures (replicates). The initial
hairy-root sample (0.5 g FW) was placed into
the culture vessels for different incubation
periods, depending on the treatment designs.
Basic measurements were then taken on

specified sampling days or at the end of the
experiments (28 or 35 d). Data were subjected
to a one-way analysis of variance (ANOVA)
followed by Duncan’s new multiple-range
test. The HPLC analysis data of methanolic
extracts from every single vessel, with each
measurement done in triplicate, were calcu-
lated and averaged to obtain the AS content
(mg (g DW)™") and overall production (mg
flask™).

RESULTS

Confirmation of the genetic transforma-
tion

The PCR-amplified products presented
clear evidence verifying genetic transforma-
tion of all hairy-root lines by A. rhizogenes.
The amplified rol/C gene fragment (ca. 1100
bp) was obtained from the bacteria plasmid
and lines 7-6, 23-1, and 55-1, but not detected
in the non-infected control (Fig. 3). Further
comparison of the nucleotide sequence of
amplified fragments with the ro/C gene se-
quence obtained from the NCBI database
demonstrated a 99% similarity (accession
no. K03313.1). The results revealed that the
hairy-root lines had truly been genetically
transformed because the inserted tDNA was
still present after 4 yr.

Hairy-root growth and AS accumulation
among culture lines

Hairy-root cultures incubated in MS
liquid medium for 35 d exhibited different
growth rates. The DW and FW increased
more in line 55-1 (p < 0.05), recorded at 260
+2 mg and 5.12+0.6 g flask”, and the low-
est increase in biomass was for culture line
7-6 (Fig. 4). However, there was no corre-
sponding increase in the amount of AS ac-
cumulation with growth-rate changes. The
greatest AS content was obtained from line
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Fig. 2. HPLC chromatograms of acteoside (AS) standard (A) and purified methanolic
extracts of hairy-root culture 55-1 (B); detector responses vs. retention times (min) are

shown.
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Fig. 3. Polymerase chain reaction-amplified DNA fragment of ro/ C genes from plasmid
DNA of Agrobacterium rhizogenes (1ane P); hairy-root cultures derived from A. rhizogenes
transformation of Paulownia fortunei (lane 7-6, 23-1, and 55-1). Lane ck is the negative
control where the DNA template was extracted from non-infected plant roots.

23-1 (103.72£10.53 mg (g DW)"), not from
line 55-1. It should be noted that when the AS
content and changes in the biomass were both
considered, a better overall AS production
was obtained from line 55-1 (13.12+2.36 mg
flask™") (Fig. 4). This culture line was there-
fore selected for subsequent experiments.

Selection of medium strength

In the experiment conducted to select
the medium strength, significant inhibition of
hairy-root growth was observed when the MS
medium was prepared at double (X 2) strength
(Fig. 5). Similarly, when the medium strength
was diluted from X1 (the original formula) to
X 1/2, X1/4, and X 1/8, the increase in bio-
mass of hairy-root line 55-1 slowed down in
a concentration-dependent manner. Interest-
ingly, the AS content increased in a manner
inversely proportion to the gradual depression
of root growth, showing an opposite trend

of variation due to medium dilution (Fig. 5).
Following the above-mentioned AS mea-
surement with equal consideration of both
variables (root growth and AS content), better
AS productions were obtained from X1, X
1/2, and X 1/4 MS medium-cultured roots (p
< 0.05), with recorded yields of 24.55+2.02,
29.3441.97, and 26.27 £2.05 mg flask™". The
results of this experiment showed that 1/2 MS
medium was the most suitable strength for
routine use in the following studies.

Time-course changes in growth and AS
accumulation

Hairy-root line 55-1 was cultured in 1/2
MS liquid medium for 35 d and showed a
rapid increase in the root biomass during the
first 7~28 d, followed by a stationary stage
lasting for the remainder of the culture period
(Fig. 6B). This was apparently an indicator of
the occurrence of limiting conditions in the
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culture system. However, such a variation was The AS content remained relatively constant
not seen during monitoring of the AS content during the entire culture period, while overall
(as indicated by the solid bars in Fig. 6B). AS production actually increased (Fig. 6A)

AS production; scale unit flask™ (left axis)
B AS content; scale unit (g DW)"' (left axis) 8
KX2 Dry weight (DW) increase; scale unit flask™ (left axis)

1 Fresh weight (FW) increase; scale unit flask™ (right axis)
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Hairy-root line

Fig. 4. Root growth and acteoside (AS) accumulation recorded from the three hairy-root
lines of Paulownia fortunei.
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Fig. 5. Root growth and acteoside (AS) accumulation recorded from hairy-root line 55-1
incubated in different concentrations of MS medium. See Fig. 4 for histogram symbols.
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showing a growth-associated pattern. Since
we saw no further increase in AS production
after day 28 (Fig. 6A), it was determined ap-
propriate to terminate the culture period at
that point.

Effects of sucrose addition on the bio-
mass increase and AS production

The effect of the sucrose level on ma-
nipulating root growth was examined next. It
was shown that the root biomass decreased

as the sucrose concentration was gradually
diluted. Obviously, a high sucrose concentra-
tion (30 or 60 g L") was essential to provide a
sufficiently large carbohydrate source to sup-
port the rapid growth of hairy-root culture.
However, in contrast to changes in the root
biomass, the AS concentration remained rela-
tively constant, regardless of the sucrose level
being tested (Fig. 7). It was determined that
the overall AS production was better when
the sucrose level was 60 g L', while less was
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Fig. 7. Effects of sucrose concentration on root growth and acteoside (AS) accumulation in
hairy-root line 55-1. See Fig. 4 for histogram symbols.

produced when the sucrose concentration was
diluted.

Determination of the proper EtOH level
The application of different doses of
EtOH to the hairy-root cultures had an inhibi-
tory effect which was subsequently observed
in the AS content measurement (p < 0.05).
However, increases in the DW and FW were
not significantly influenced (p > 0.05) (Fig. 8).
Given this background, the addition of EtOH
at 0.19~4.75% was determined to be harm-
less, and eventually better AS production was
achieved, compared to the EtOH dose of 9.5%
which resulted in the lowest AS content.

AS production under MeJA elicitation
There was no distinct elicitation effect of
MeJA on promoting of AS production in our
experiments. Although there was a slight de-
crease in the AS content when the MeJA con-
centration was gradually increased, the overall

AS production per flask was not significantly
affected (Fig. 9). For all MeJA concentrations
we tested, there was no sign of repression of
root growth either, which indicated that the
MeJA dosage and the EtOH (solvent; 1.9%)
level added were both below the threshold
that would damage cultured roots. This was
also a clue indicating that the impact of elici-
tation we provided was insufficient to alter
physiological conditions of the cultures.

DISCUSSION

In the present study, hairy-root cultures
were demonstrated to be a very stable plant
material as far as the genetic transformation
event was concerned. These root cultures
had been transformed and were routinely
subcultured on PGR-free MS medium for 4
yr. There was no doubt that the inserted wild-
type rol genes remained and were expressed.
These cultures maintained their transformed
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phenotype without loss of the easy-growth ture meant that the hairy roots were suitable
characteristic. Their genetically modified na- for plant tissue culture operations.
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Fig. 8. Root growth and acteoside (AS) accumulation recorded from hairy-root line 55-1
incubated in EtOH-containing medium to test the tolerance of the root culture to the solvent
additive. See Fig. 4 for histogram symbols.
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During the selection process, as ob-
served in our study, the measurement units
(mg (g DW)") commonly used for calculating
secondary metabolite accumulation was less
indicative of the total production of plant ma-
terial. In the first experiment conducted to se-
lect the hairy-root line which would give the
greatest AS production, the lowest AS content
recorded on a mg (g DW)"' basis was from
line 55-1. However, the low AS content was
obviously compensated for by the rapid bio-
mass increase as the AS production reached a
maximal value in the same culture line (Fig.
4). Therefore, it is not recommended that the
AS production from plant sources be moni-
tored in mg (g DW)" units as the only basis
for selection, especially for a fast-growing
culture line (55-1), even though the internal
concentration of the target compound was
low. Both the plant biomass and AS content
per unit biomass should be taken into account
(e.g., measurements should be made per cul-
ture vessel basis). This would present more-
accurate information to evaluate AS produc-
tion. This conclusion is in agreement with
results of Chang (2005), in which that author
also selected a fast-growing culture line
(GP-01, Gynostemma pentaphyllum (Thunb.)
Makino) for use as experimental material.

It was demonstrated in the 2nd experi-
ment that the medium strength (richness of
the nutrients) played an important role in
manipulating hairy-root growth. However, it
seems that increasing the medium strength
only promoted root growth rather than over-
all AS production. The low AS production
was due to an associated reduction in the AS
content extracted from roots grown in the
higher-strength medium (Fig. 5). This unsyn-
chronized and seemingly contradictory phe-
nomenon, observed only in this experiment,
can be explained as being due to the root-cul-
ture’s fast-growing characteristics, where the
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constant production of AS would be equally
distributed in tissues with a greater biomass.
This allocation should inevitably lower the
AS content per (g DW).

Interestingly, such a phenomenon was
not seen in either the time-course change ex-
periment (Fig. 6) or the sucrose determination
test (Fig. 7). In both these experiments, as the
culture period was prolonged or sucrose con-
centration increased, the AS content remained
relatively stable when the root biomass gradu-
ally increased. To maintain such a stable con-
centration in the culture system, there was an
apparent increase in overall AS production
in the growing roots. Similar results were
reported elsewhere, although measured on a
mg (g DW)"' basis, where the production of
a secondary metabolite might be consider-
ably growth-associated, showing a linear or
synchrotic relationship between the yield and
biomass production (Ellis 1983, Inagaki et al.
1991, Nezbedova et al. 1999). However, op-
posite conclusions were also reached when ad-
dressing a non-growth-associated relationship,
where the highest yield was obtained during
the stationary phase of growth (Bhadra and
Shanks 1997). Obviously such observations
are species- or culture environment-dependent
and require detailed examinations of each
newly established and selected hairy-root
culture before any final conclusions are made.

Since culture elicitation is now a com-
mon and effective approach to stimulate plant
material to produce greater amounts of sec-
ondary metabolites, certain organic elicitors
are routinely used and co-cultured with plant
cells. These compounds (elicitors) might not
all be water-soluble and hence need specific
organic solvents for preparation. In plant tis-
sue culture procedures, the proper application
of an organic solvent to the culture system is
a considerably important researchers’ concern
to prevent the cultured plant materials from
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being damaged. Therefore, we first tried to
determine the tolerance of our hairy-root line
to the EtOH dose for a follow-up elicitation
test in which an EtOH-soluble elicitor was in-
vestigated. The result showed that a dramatic
decrease (p < 0.05) in AS production was ob-
served as the EtOH was added at a final con-
centration of 9.5% (v/v). This reduction was
mainly due to a decrease in the AS content
(Fig. 8). For all other concentrations tested,
there was no great change in the remaining
measurements, especially in root-growth data.
This result provides us with a wide range
of EtOH concentrations which can be used,
since different kinds of elicitors (which may
have different solubilities in EtOH) may be
needed for future experiments.

MelJA, an EtOH-soluble elicitor, is a
commonly used compound to enhance sec-
ondary metabolite production under experi-
mental conditions. We initially tried a higher
dose of this elicitor (50~300 uM) for a long
duration (7 d), but observed a significant
decrease in AS production in our root cul-
tures (data not shown). However, the data of
growth and AS production showed no obvious
influence when the dosage during elicitation
treatments was relatively low (< 50 uM, see
Fig. 9). Based on these experimental results
(Fig. 9) with similar elicitation responses (p
> 0.05), we therefore concluded that the cul-
tures would have a high probability of being
able to sustain stronger MeJA elicitation. A
more-effective MeJA elicitation is expected
to have a stimulation impact of > 50 uM (24 h)
but less than the intensity previously applied
in our preliminary tests (50~300 uM, 7 d).

Taking the units (mg (g DW)™) as a stan-
dardized estimation for comparison, although
not recommended in this study, our maximum
AS concentration was at 146.88+10.12 mg
(g DW)", as seen in Fig. 9. This is greater
than the concentrations extracted from hairy

roots of Paulownia tomentosa Steud. (9.5%
of their dry weight; equivalent to 95 mg (g
DW)™") (Wysokinska and Rozga 1998), Plan-
tago lanceolata L. (15 mg (g DW)") (Fons
et al. 1999), Scutellaria baicalensis Georgi
(30 mg (g DW)™") (Nishikawa et al. 1999),
Gmelina arborea Roxb. (0.13 mg (g DW)™)
(Dhakulkar et al. 2005), and Harpagophytum
procumbens (Burch.) DC. ex Meisn. (8.12 mg
(g DW)™") (Grabkowska et al. 2010). How-
ever, the amount was still less abundant than
that obtained in some other studies dealing
with different species of plant materials (Nez-
bedova et al. 1999, Skrzypek and Wysokinska
1999). Our results suggest that maintaining or
enhancing the AS content in root cultures is
a basic requirement to contribute to increas-
ing overall AS production. A proper culture
procedure which supports rapid root growth
is another crucial factor in improving the
metabolite yield. The proper adjustment of
the elicitation impact (elicitor type and inten-
sity) is a possible approach to meet the first
requirement. The use of enriched sucrose as
a carbohydrate source may be a solution for
supporting rapid growth in hairy roots. The
applicability of both strategies for better AS
production, from our paulownia hairy roots,
is worth further investigation.

ACKNOWLEDGEMENTS

The authors are grateful to Prof. T. H.
Tsai for his kindly providing the AS com-
pound as a reference for the HPLC analysis.
Thanks are also extended to Dr. K.Y. Ho for
providing the HPLC equipment for analysis
in the latter stage of this study.

LITERATURE CITED

Ahmad M, Rizwani GH, Aftab K, Ahmad
VU, Gilani AH, Ahmad SP. 1995. Acteoside:



Taiwan J For Sci 27(1): 13-29, 2012

a new antihypertensive drug. Phytother Res
9:525-7.

Avula B, Manyam RB, Bedir E, Khan IA.
2003. Rapid separation and determination
of four phenylpropanoid glycosides from 7.
chamaedrys by capillary electrophoresis meth-
od. Chromatographia 58:751-5.

Bhadra R, Shanks JV. 1997. Transient studies
of nutrient uptake, growth, and indole alkaloid
accumulation in heterotrophic cultures of hairy
roots of Catharanthus roseus. Biotechnol Bio-
eng 55:527-34.

Birkofer L, Kaiser C, Thomas U. 1968. Ac-
teoside and neoacteoside: sugar esters from Sy-
ringa vulgaris (L.). Z Naturforsch 23B:1051-8.
Calvo MI, Julian AS, Fernandez M. 1997.
Identification of the major compounds in ex-
tracts of Verbena officinalis L. (Verbenaceae)
by HPLC with post-column derivatization.
Chromatographia 46:241-4.

Chang CK. 2005. Production of ginseng-like
saponins by hairy-root cultures of Gynostem-
ma pentaphyllum (Thunb.) Makino [disserta-
tion]. Taipei, Taiwan: National Taiwan Univ.
(NTU). 183 p. Available from NTU Library,
399.74/9058. [in Chinese with English sum-
mary].

Chen M, Xiao SP, Cui GH, Zhang SJ, Wu
7.G, Huang LQ, et al. 2005. The determina-
tion of echinacoside and acteoside in herbs of
Cistanche tubulosa. China J Chin Mater Med
30:839-41.

Chen WH, Xu CM, Zeng JL, Zhao B, Wang
XD, Wang YC. 2007. Improvement of echi-
nacoside and acteoside production by two-
stage elicitation in cell suspension culture of
Cistanche deserticola. World J Microb Biot
23:1451-8.

Chiou WF, Lin LC, Chen CF. 2003. The anti-
oxidant and free radical scavenging properties
of acteoside. Chin Pharm J 55:347-53.
Damtoft S, Franzyk H, Jensen SR. 1997.
Iridoid glucosides from Picconia excelsa. Phy-

27

tochemistry 45:743-50.

Delazar A, Gibbons S, Kumarasamy Y,
Nahar L, Shoeb M, Sarker SD. 2005. Anti-
oxidant phenylethanoid glycosides from the
rhizomes of Eremostachys glabra (Lamiaceae).
Biochem Syst Ecol 33:87-90.

Dell B, Elsegood CL, Ghisalberti EL. 1989.
Production of verbascoside in callus tissue of
Eremophila spp. Phytochemistry 28:1871-2.
Dhakulkar S, Ganapathi TR, Bhargava S,
Bapat VA. 2005. Induction of hairy roots in
Gmelina arborea Roxb. and production of ver-
bascoside in hairy roots. Plant Sci 169:812-8.
Ellis BE. 1983. Production of hydroxyphenyl-
ethanol glycosides in suspension cultures of
Syringa vulgaris. Phytochemistry 22:1941-3.
Estrada-Zuniga ME, Cruz-Sosa F, Rodri-
guez-Monroy M, Verde-Calvo JR, Vernon-
Carter EJ. 2009. Phenylpropanoid produc-
tion in callus and cell suspension cultures of
Buddleja cordata Kunth. Plant Cell Tiss Organ
97:39-47.

Fons F, Tousch D, Rapior S, Gueiffier A,
Roussel JL, Gargadennec A, et al. 1999.
Phenolic profiles of untransformed and hairy-
root cultures of Plantago lanceolata. Plant
Physiol Biochem 37:291-6.

Franzyk H, Husum TL, Jensen SR. 1998. A
caffeoyl phenylethanoid glycoside from Plan-
tago myosuros. Phytochemistry 47:1161-2.
Grabkowska R, Krolicka A, Mielicki W,
Wielanek M, Wysokinska H. 2010. Genetic
transformation of Harpagophytum procum-
bens by Agrobacterium rhizogenes: iridoid
and phenylethanoid glycoside accumulation
in hairy-root cultures. Acta Physiol Plant
32:665-73.

Grayer RJ, de Kok RPJ. 1998. Flavonoids
and verbascoside as chemotaxonomic charac-
ters in the genera Oxera and Faradaya (Labia-
tae). Biochem Syst Ecol 26:729-41.

Herbert JM, Maffrand JP, Taoubi K, Au-
gereau JM, Fouraste I, Gleye J. 1991. Ver-



28 Ku et al.—Hairy-root culture and acteoside production in paulownia

bascoside isolation from Lantana camara, an
inhibitor of protein kinase C. J Nat Prod 54:
1595-600.

Hosokawa K, Matsuki R, Oikawa Y, Yama-
mura S. 1997. Genetic transformation of
gentian using wild-type Agrobacterium rhizo-
genes. Plant Cell Tiss Organ 51:137-40.

Hsieh TJ. 2001. Studies on the constituents
of the roots of Clerodendrum trichotomum
Thunb. [dissertation]. Hsinchu, Taiwan: Na-
tional Tsing Hua Univ. (NTHU). 62 p. Avail-
able from NTHU Library, M 340/2001/48. [in
Chinese].

Inagaki N, Nishimura H, Okada M, Mitsu-
hashi H. 1991. Verbascoside production by
plant cell cultures. Plant Cell Rep 9:484-7.
Iossifova T, Vogler B, Klaiber I, Kostova I,
Kraus W. 1999. Caffeic acid esters of phenyl-
ethanoid glycosides from Fraxinus ornus bark.
Phytochemistry 50:297-301.

Jensen SR, Olsen CE, Rahn K, Rasmussen
JH. 1996. Iridoid glucosides in Plantago alpi-
na and P. altissima. Phytochemistry 42:1633-6.
Kernan MR, Amarquaye A, Chen JL, Chan
J, Sesin DF, Parkinson N, et al. 1998. An-
tiviral phenylpropanoid glycosides from the
medicinal plant Markhamia lutea. J Nat Prod
61:564-70.

Kim Y, Wyslouzil BE, Weathers PJ. 2002.
Secondary metabolism of hairy-root cultures in
bioreactors. /n Vitro Cell Dev Biol (P 38):1-10.
Kimura Y, Okuda H, Nishibe S, Arichi S.
1987. Eftects of caffeoylglycosides on arachi-
donate metabolism in leukocytes. Planta Med
53:148-53.

Kovacs G, Kuzovkina IN, Szoke E, Kur-
sinszki L. 2004. HPLC determination of fla-
vonoids in hairy-root cultures of Scutellaria
baicalensis Georgi. Chromatographia (Suppl
60):S81-5.

Lee KJ, Woo ER, Choi CY, Shin DW, Lee
DG, You HJ, et al. 2004. Protective effect
of acteoside on carbon tetrachloride-induced

hepatotoxicity. Life Sci 74:1051-64.

Li L, Tsao R, Liu Z, Liu S, Yang R, Young
JC, et al. 2005. Isolation and purification of
acteoside and isoacteoside from Plantago psyl-
lium L. by high-speed counter-current chroma-
tography. J Chromatogr A 1063:161-9.

Liao YK, Jhuang CT. 2007. Study of the
Agrobacterium rhizogenes-mediated transfor-
mation of Paulownia fortunei. Taiwan J For Sci
22:399-411. [in Chinese with English abstract].
Lu CT, Mei XG. 2003. Improvement of
phenylethanoid glycosides production by a
fungal elicitor in cell suspension culture of Cis-
tanche deserticola. Biotechnol Lett 25:1437-9.
Morikawa T, Pan Y, Ninomiya K, Imura
K, Matsuda H, Yoshikawa M, et al. 2010.
Acylated phenylethanoid oligoglycosides
with hepatoprotective activity from the desert
plant Cistanche tubulosa. Bioorg Med Chem
18:1882-90.

Murashige T, Skoog F. 1962. A revised me-
dium for rapid growth and bioassays with to-
bacco tissue cultures. Physiol Plant 15:473-9.
Nezbedova L, Hesse M, Dusek J, Werner C.
1999. Chemical potential of Aphelandra sp.
cell cultures. Plant Cell Tiss Organ 58:133-40.
Nishikawa K, Furukawa H, Fujioka T, Fujii
H, Mihashi K, Shimomura K, et al. 1999.
Flavone production in transformed root cul-
tures of Scutellaria baicalensis Georgi. Phyto-
chemistry 52:885-90.

Owen RW, Haubner R, Mier W, Giacosa
A, Hull WE, Spiegelhalder B, et al. 2003.
Isolation, structure elucidation and antioxidant
potential of the major phenolic and flavonoid
compounds in brined olive drupes. Food Chem
Toxicol 41:703-17.

Ryan D, Robards K, Lavee S. 1999. Changes
in phenolic content of olive during maturation.
Int J Food Sci Technol 34:265-74.

Sheng G, Zhang J, Pu X, Ma J, Li C. 2002.
Protective effect of verbascoside on 1-methyl-
4-phenylpyridinium ion-induced neurotoxicity



Taiwan J For Sci 27(1): 13-29, 2012

in PG12 cells. Eur J Pharmacol 451:119-24.
Sinaphet B, Noiarsa P, Rujirawat S, Otsuka
H, Kanchanapoom T. 2006. Dolichandro-
side, a new phenolic triglycoside from Doli-
chandrone serrulata (DC.) Seem. J Nat Med
60:251-4.

Skrzypek Z, Wysokinska H. 1999. Accu-
mulation of phenylethanoids in suspension
cultures of Penstemon serrulatus Menz. Bio-
technol Lett 21:691-3.

Tsai YJ. 2006. Effects of acteoside on neuro-
protection and neuronal differentiation in rat
PC12 cell line: a microdialysis approach [dis-

29

sertation]. Taipei, Taiwan: National Yang-Ming
Univ. (NYMU). 102 p. Available from NYMU
Library, R 008.8/4464.11. [in Chinese with
English summary].

Wang H, Xu Y, Yan J, Zhao X, Sun X,
Zhang Y, et al. 2009. Acteoside protects hu-
man neuroblastoma SH-SY5Y cells against
B-amyloid-induced cell injury. Brain Res 1283:
139-47.

Wysokinska H, Rozga M. 1998. Establish-
ment of transformed root cultures of Paulow-
nia tomentosa for verbascoside production. J
Plant Physiol 152:78-83.



