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Abstract Callus, cell suspension, and shoot cultures as
well as in vitro-derived plants of Scutellaria alpina grown
under greenhouse (for 3 months) and field conditions (for
2 years) were established, and their flavonoid (baicalin,
wogonoside, luteolin) and phenylethanoid glycoside (ver-
bascoside) contents were determined by ultra performance
liquid chromatography. The quantities of individual com-
pounds were influenced by the type of analyzed plant
material, its age, and day of culture passage. Undifferen-
tiated callus and cell suspension cultures of S. alpina
showed higher amounts of metabolites than the proliferat-
ing shoot cultures. The highest baicalin (26.25 mg g~ ' -
dry wt) and wogonoside (15.60 mg g~' dry wt) levels
were found in callus cultured for 1.5-2 years on MS agar
medium supplemented with NAA (0.1 mg 1™") and TDZ
(0.2 mg 17"), which were similar to these yielded by
3-month-old and 2-year-old plant roots of S. alpina. The
maximum level of verbascoside (27.21 mg g~' dry wt)
was achieved in cell suspension culture maintained for
1 year in MS liquid medium with NAA (0.1 mg 1™") and
TDZ (0.2 mg 17"). The amount was found to be about 3—4-
fold higher than in shoots and roots of S. alpina micro-
propagated  plants grown in  field condition
(7.2-9.7 mg g~ dry wt). Our results suggest that in vitro
cultures of S. alpina represent effective system for the
production of the bioactive compounds with different
pharmacological activity during long-term subculturing.
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Introduction

The genus Scutellaria contain over 350 species (Paton
1990) represented by perennial and annual herbs, some of
which are widely used in traditional medicine especially in
China, Korea, and Japan due to their anti-inflammatory,
antiviral, sedative, antithrombotic, and antioxidant effects
(Jiangsu New Medical College 1977). These therapeutic
effects are correlated with the content of flavonoids, among
which, baicalin, baicalein, and wogonoside are the major
compounds. Baicalein and baicalin exhibit superior free
radical scavenging and have been shown to attenuate
oxidative stress in cardiomyocytes (Shao et al. 1999) and
neuronal cells (Gao et al. 2001). Li et al. (2000a) report that
baicalin could form a complex with a number of
chemokines and block their interaction with the receptors.
In addition to being an anti-inflammatory agent, the com-
pound has also been found to inhibit HIV-1 infection of
human peripheral blood mononuclear cells (Kitamura et al.
1998). Wogonoside has strong activity against lipid per-
oxidation and an inhibitory effect on histamine and IgE
production (Lim 2003). It inhibits lipopolysaccharide-in-
duced angiogenesis (Chen et al. 2009).

Besides flavones, Scutellaria plants also contain ver-
bascoside. The phenylethanoid glycoside has been used to
treat inflammation and microbial infection (Georgiev et al.
2012). The naturally occurring water-soluble phenyletha-
noid glycoside down-regulates Ca®"-dependent MAPK
signaling in basophilic cells (Motojima et al. 2013). It
appears to become involved in the inhibition of type I
allergies. Recent studies have investigated the
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cytoprotective properties of verbascoside: the compound
protects human cells due to the up-regulation of endoge-
nous detoxifying system (Sgarbossa et al. 2012). Verbas-
coside has been reported to exhibit antiproliferative
activities toward some tumor cells in vitro (Wartenberg
et al. 2003), to repair DNA damage (Li et al. 2000b), and to
induce carcinoma cell differentiation and apoptosis by
telomere—telomerase-cell cycle-dependent modulation
(Zhang et al. 2002).

Production of the bioactive flavonoids and verbas-
coside has been well described for S. baicalensis and S.
lateriflora (Yamamoto et al. 1989a; Seo et al. 1993, 1996;
Islam et al. 2011; Marsh et al. 2014). However, there is
little information on the accumulation of these compounds
in other Scutellaria species. The present study focuses on
the production of the secondary metabolites in Scutellaria
alpina. S. alpina is a perennial herb distributed in Alpine
districts of Europe and cultured as garden species for its
attractive flowers (Yamamoto 1991). Zgorka (2006) iso-
lated baicalin in the aerial parts of the plant. Earlier
studies have also noted high verbascoside production in
the roots of S. alpina plants cultured in vitro (Nishikawa
et al. 1999).

Recently, biotechnological techniques based on in vitro
cultures have been used as an alternative source to whole
plant cultivation to produce valuable natural products
(Zarate and Verpoorte 2007). In vitro production is not
dependent on geography and seasonal variation. However,
the balance between the activities of the primary and sec-
ondary metabolism in dynamic one could be largely
affected by culture growth, tissue differentiation, and
development of plant body (Collin 2001). Therefore, in the
present study, we established biotechnological potential
in vitro cultures of S. alpina at different stages of differ-
entiation (callus, cell suspension, and organized shoot
cultures) as well as intact plants derived from the shoot tips
of aseptically germinated seedlings, and their ability to
accumulate flavones and verbascoside was evaluated by
UPLC quantification.

Materials and methods
Plant material

Scutellaria alpina seeds were obtained from the Botanical
Garden of Institute of Ecology and Botany in Vacratot
(Hungary). The seeds were surface sterilized using sodium
hypochlorite (1 %) for 10 min, and then rinsed three times
in sterile distilled water. Sterilized seeds were transferred
into MS (Murashige and Skoog 1962) agar (0.7 %)
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medium supplemented with kinetin (0.02 mg 1™") and
gibberellic acid (1 mg1™") for germination. The seeds
germinated after 1 week in culture condition. The 3-week-
old seedlings provided material for in vitro cultures used in
this study.

Callus culture

Scutellaria alpina callus culture was obtained from hypo-
cotyls of 3-week-old aseptically germinated seedlings. MS
agar (0.7 %) medium with 0.1 mg1~' NAA (a-naph-
thaleneacetic acid) and 0.2 mg 17! TDZ (thidiazuron) was
used for callus culture initiation and further cultivation; the
calli were transferred into the same fresh medium at
2-week intervals. For subcultures, an inoculum of about
200 mg fresh weight was transferred into glass culture
tubes (@ 25 mm, a length of 18 cm, purchased from SLI-
NAP, £.6dzZ, Poland) containing 25 ml experimental med-
ium. Secondary metabolite analyses were performed after
10, 20, 30, 40, 50, and 60 subcultures (about 5, 10, 14, 19,
24, and 28 months after culture initiation).

Cell suspension culture

Cell suspension culture was obtained from hypocotyl-
derived stable callus grown in in vitro culture for 20 sub-
cultures. About 3 g of actively growing callus was trans-
ferred into 300-ml Erlenmeyer flasks containing 50 ml of
liquid MS medium supplemented with 0.1 mg I~' NAA
and 0.2 mg 1~' TDZ. The cultures were maintained on a
rotary shaker (100 rpm) at intervals of 14 days. The
inoculum fresh weight was about 800 mg per flask. Sec-
ondary metabolite analyses were performed after 5, 10, 15,
20, 25, and 30 subcultures (2.5, 5, 7.5, 10, 12.5, and
14 months after culture initiation).

Growth Kinetics of callus and cell suspension
cultures

In order to determine growth profiles, an inoculum of callus
and cell culture material equivalent to 0.21 + 0.011 and
0.81 £ 0.10 g fresh weight (for callus and cell suspension
growth curves, respectively) were transferred to MS med-
ium containing supplements (0.1 mg1™' NAA and
0.2 mg 1”! TDZ) and incubated in vitro under conditions
described above. Growth was measured in terms of dry and
fresh weights. The samples were harvested on days 5, 10,
15, 20, and 25 (for callus culture) and on 3, 6, 9, 12, 15, 18,
21, and 24 (for cell suspension). The experiments were
conducted in triplicate (three series of three culture vessel;
nine samples for each time point).



Acta Physiol Plant (2016) 38:7

Page 30f 9 7

Shoot culture and plant regeneration

The shoot tips of 3-week-old aseptically germinated seed-
lings with one pair of leaves were used as initial explants for
shoot culture. MS medium supplemented with 0.1 mg 1™
IAA (3-indoleacetic acid) and 0.5 mg 1~' BAP (6-benzy-
laminopurine) and solidified with 0.7 % agar was used for
axillary shoot multiplication. Subcultures were made at
5-week intervals using individual shoot tips as explants and
number of newly formed shoots was counted. Secondary
metabolite analyses were performed after 6, 16, 26, 36 sub-
cultures (6, 18, 30, and 42 months after culture initiation).
To obtain plantlets, the shoots after six subcultures were
transferred into half-strength MS (1/2 strength macronu-
trients) agar medium without growth regulators for rooting.
After 4 weeks, the plantlets were moved to small pots
containing a sterilized mixture of sand, peat, and soil (3:3:4
v/vlv) (Grzegorczyk-Karolak et al. 2013). They were
grown in the greenhouse for 12 weeks. The acclimatized
plants were transferred to the open field condition (Medical
Plant Garden of the Department of Pharmacognosy at the
Medical University of Lodz). The shoots and roots of
12-week-old plants grown in the greenhouse and 2-year-old
plants at the flowering stage grown in the field were col-
lected for secondary metabolite analysis. The plant species
was identified on the basis of Flora Europaea (Tutin et al.
1972) by dr 1. Grzegorczyk-Karolak. Voucher specimens
were deposited in the Department of Biology and Phar-
maceutical Botany, Medical University of £.6dz.

Culture conditions
All cultures were kept at 26 + 2 °C under a photoperiod of

16 h light provided by cool white fluorescent lamps
(40 yM m~2 s71).

Extraction and analysis of secondary metabolites

The lyophilized plant material (250 mg) was pre-extracted
with chloroform overnight. After filtration, the remaining
plant material was extracted three times with 70 %
methanol (30 ml) at 15 min in the ultrasonic bath. The
extracts were combined and evaporated under reduced
pressure. The dry residue was dissolved in 2 ml of
methanol and subjected to UPLC analysis using Agilent
Technologies 1290 Infinity apparatus (Agilent Technolo-
gies, USA). For separation of compounds, a Zorbax Eclipse
Plus C18 column (100 x 3 mm; 1.8 um Agilent Tech-
nologies) was eluted using the mobile phase consisted of
0.1 % formic acid in acetonitrile (v/v) (solvent A) and
0.1 % formic acid in water (v/v) (solvent B). A gradient
program was applied as follows: 0-15 min 20-30 % sol-
vent A, 15.1-17 min 99 % solvent A. Details of the UPLC
procedure were as described previously (Grzegorczyk-
Karolak et al. 2015a). The compounds were identified and
quantified at 320 nm. They were identified by comparison
of their retention times UV spectra and mass spectra
(Grzegorczyk-Karolak et al. 2013, 2015b) with those of the
standard compounds. Verbascoside (Phytoplan), baicalin
(Sigma-Aldrich), luteolin (Roth), and wogonoside (Chem-
Face) were used as standards. Chromatographic separation
of extract from S. alpina cell culture is presented in Fig. 1.
The quantification of compounds was calculated based on
the area of separate peaks using standard calibration
curves. The results were expressed as mg g~ ' dry weight.

Statistical analysis
The results in all experiments were performed in triplicate

and presented as mean =+ standard error (SE). The signif-
icance of differences among means was calculated using

Fig. 1 Chromatographic profile 2
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the Kruskal-Wallis test. Statistica 10.0 software was used
for all calculations (Statsoft Poland). Relationships were
considered significant at p < 0.05.

Results

Callus and suspension culture growth
characteristics

Scutellaria alpina callus culture was initiated from hypo-
cotyl seedlings and maintained on MS agar medium con-
taining NAA (0.1 mg1™") and TDZ (0.2 mgl1™") by
regular subcultures at 2-week intervals. This medium was
selected for callus formation according to earlier published
data for S. baicalensis (Li et al. 2000c) and the results of
our own preliminary experiments (data not shown). The
light-green callus grew vigorously as friable undifferenti-
ated tissue throughout the experimental period. Biomass
accumulation was examined at 25-day interval measuring
fresh and dry weight (Fig. 2a). Callus culture was in lag
phase for 5 days, then started to grow exponentially up to
the 15th day, reaching a stationary phase within
15-20 days. At the time, fresh biomass 3.6 g/tube (25 ml
medium) and dry biomass 0.14 g/tube were observed.
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Fig. 2 Time course analysis of S. alpina callus (a) and cell
suspension (b) culture growth. Callus was cultured in tubes contain-
ing 25 ml of MS agar solidified medium supplemented with
0.1 mg 17" NAA and 0.2 mg 1-" TDZ. Cell suspension culture was
maintained in 300-ml Erlenmeyer flask containing 50 ml of MS liquid
medium supplemented with 0.1 mg 1! NAA and 0.2 mg 1~' TDZ.
The value is the average of three separate experiments for each time
point (n = 9) + standard error
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Later, the fresh and dry biomass began to decline, and the
callus turned brown and died (Fig. 2a).

From the hypocotyl-derived callus subcultured for 20
passages, cell suspension culture of S. alpina was estab-
lished. The composition of the medium was the same as
that for callus culture (MS with 0.1 mg1~' NAA and
0.2 mg 1~' TDZ), but without agar. Figure 2b shows a
typical growth curve of cell suspension culture of S. alpina.
The first 3 days were the lag period of growth, and then
fresh and dry biomass began to increase gradually until day
15. The stationary phase was observed from day 15 to day
18 of culture. The highest biomass of 12.6 g/flask (50 ml
medium) fresh wt and 0.96 g/flask dry wt was achieved at
15th day.

Shoot culture and plant regeneration

Shoot culture of S. alpina was obtained when shoot tips
excised from aseptically germinated seedlings were cultured
on MS agar medium supplemented with 0.1 mg 17" TAA and
0.5 mg 1~' BAP. An average of 25 new shoots per explant
was formed within 5 weeks. The shoots were taken for fur-
ther multiplication or formed roots after transfer to 2 MS
medium without growth regulators. Root formation was
observed within 4 weeks with 90 % efficiency. The well-
rooted plantlets were transferred into pots and acclimatized
in the greenhouse (Grzegorczyk-Karolak et al. 2013). The
survival rate of the plants was 96 % after 3 months. The
acclimatized plants were transferred to open field conditions.

Polyphenolic compound accumulation

Undifferentiated (callus and cell suspension) and differ-
entiated (multiple shoots) cultures as well as shoots and
roots of in vitro-derived plants of S. alpina were studied on
the content of polyphenolic compounds (baicalin, wogo-
noside, luteolin, and verbascoside) by UPLC. The com-
pounds were identified by comparison of the MS spectra of
standards (baicalin, wogonoside, luteolin, verbascoside)
and extracted sample, together with the agreement of UV
spectra and retention times (UV-UPLC) (Grzegorczyk-
Karolak et al. 2013, 2015b). Since it is known that sec-
ondary metabolite biosynthesis can be affected during
long-term subculture, the contents of verbascoside, baica-
lin, wogonoside, and luteolin in callus, cell suspension, and
shoot cultures at different passages were investigated
(Fig. 3). In the shoot culture grown on MS agar medium
supplemented with 0.1 mg 17! TAA and 0.5 mg 1-' BAP
over 3.5 years (36 passages, 5 weeks each), the values
between 6.3 & 0.05 and 8.1 + 0.09 mg verbascoside,
4.3 £ 0.08 and 11.7 & 0.04 mg baicalin, 1.4 4+ 0.12 and
32 + 0.05mg wogonoside, and 19 £ 0.05 and
3.35 + 0.05 mg luteolin per gram dry wt were measured.
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Fig. 3 Baicalin, wogonoside, luteolin, and verbascoside levels in S.
alpina shoot (a), callus (b), cell suspension cultures (¢), and in vitro
regenerated plants (d) grown *in the greenhouse and **in the field.
Means values + standard error obtained from three independent
measurements with n = 9. Bars with the different letters for the same
metabolite are significant at p < 0.05

The differences in level of these compounds were most
noticeable during the period between 16 and 26 passages
(between 1% and 2'2 years in in vitro culture), when the
total polyphenol content (calculated as the sum of baicalin,
wogonoside, luteolin, and verbascoside) in shoots

decreased from about 26 to 15 mg g~ ' dry wt. Following
this, the levels of secondary metabolites were relatively
stable (Fig. 3a).

The ability to produce baicalin, wogonoside, luteolin,
and verbascoside in S. alpina callus culture as a function of
age is shown in Fig. 3b. Significantly higher amounts of
metabolites were observed in older cultures (after 20 or
more subcultures) in comparison with the cultures main-
tained for shorter period (after ten subcultures). For
example, the concentration of baicalin (21.4 and
26.3 mg g~ dry wt) in calli after 1 and 2 years of callus
initiation was 40-70 % higher than that in calli after
5 months of culture (15.4 mg g~' dry wt) (Fig. 3b). It
should be also noticed that in older cultures, smaller vari-
ations in quantities of secondary metabolites were
observed. A similar tendency was found in the liquid cell
suspension culture obtained from hypocotyl-derived callus
(Fig. 3c). Cell culture examined here was maintained with
the same concentration of growth regulators as callus cul-
ture over a period of 30 subcultures, subculturing at
14 days interval. The highest amount of various target
compounds was reached in cells kept in in vitro culture
during 20 and 25 passages: about a year. Following this,
the quantities of baicalin, wogonoside, and luteolin slightly
decreased between subcultures 25 and 30, whereas the
quantity of verbascoside remained at a stable high level
(about 27 mg g~ dry wt) over 30 passages (Fig. 3c).

In S. alpina, the accumulation of compounds in callus
and suspension cultures was investigated in detail during
one growth cycle, i.e., for 24 days for liquid and for
25 days for solid culture. The maximum contents of all
analyzed compounds in callus culture were achieved on
day 15 of cultivation. It was demonstrated that baicalin and
wogonoside levels varied little during the experimental
period. The contents of the compounds in callus biomass
harvested at the optimal time, i.e., day 15 of the growth
cycle, were about 35 and 30 % higher compared to those
found at the beginning of growth cycle (day 5)
(169 £ 135 vs. 12.6 =121 and 104 £+ 039 vs.
8.2 + 0.4 mg g~ ' dry wt, respectively). The increase for
verbascoside was 60 %. Greatest variation was recorded in
the concentration of luteolin; its amount measured over a
20-day growth cycle showed a 2.5-fold difference between
the lowest (day 5) and the highest (day 15) level of accu-
mulation (Fig. 4a). A 24-day period of cell suspension
culture was selected to study the polyphenol accumulation
dynamics (Fig. 4b). It was demonstrated that the plant cells
cultured in the liquid medium accumulated the highest
amounts of baicalin, wogonoside, and verbascoside at the
stationary phase, although optimal day differed for indi-
vidual metabolite (Fig. 4b). The highest production of
baicalin (17.7 £ 0.8 mg g~ ' dry wt) can be achieved on
day 18 of the culture cycle, whereas the highest level of
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Fig. 4 Time course of baicalin, wogonoside, luteolin, and verbas-
coside accumulation in callus (a) and cell suspension culture (b) of S.
alpina. The value is the average of three separate experiments for
each time point (n = 9) £ standard error

wogonoside (12.7 & 0.33 mg g~ ' dry wt) was observed at
day 15. The content of verbascoside showed the largest
variation during the cell culture growth cycle from the
lowest concentration 9.8 &= 0.05 mg g~ ' dry wt on the 6th
day to the highest content of 36.4 + 0.6 mg g~ dry wt on
the 15th day (Fig. 4b). On the other hand, luteolin level
remained constant during the whole growth cycle
(18 days).

As it is evident from Fig. 3a—c, the contents of baicalin,
wogonoside, luteolin, and verbascoside in undifferentiated
cultures of S. alpina were higher compared to those in orga-
nized shoot culture. The calli maintained for 1-2 years (be-
tween 30th and 50th passage, 14 days each) on MS agar
medium supplemented with 0.1 mg 17" NAA and 0.2 mg 17!
TDZ produced the greatest concentrations of flavones. Lute-
olin levels in the calli ranged from 4.5 to 4.8 mg g~ dry wt.
Baicalin and wogonoside amounts in the culture varied from
21.8 to 26.3 and 11.7 to 15.6 mg g~ ' dry wt, respectively
(Fig. 3b). The levels were similar to those in roots of in vitro-
derived plants of S. alpina grown in the greenhouse for
3 monthsorinafield for2 years, which accumulated 20.2 and
21.5 mg g~ dry wt of baicalin and 12.7 and 13.7 mg g~ -
dry wt of wogonoside, respectively. There was no significant
difference in content of those compounds between roots of
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plants cultivated in the greenhouse for 3 months and plants
that were cultivated for 2 years in the field (Fig. 3d). Such
differences were observed between shoots of these plants.
The baicalin content in shoots of younger plants was almost
ten times (12.4 & 1.02 mg g~ ' dry wt) higher than that in
shoots of older plants (1.29 & 0.08 mg g~ ' dry wt). A
similar tendency was found regarding the accumulation of
wogonoside (5.78 £ 0.55vs. 1.29 £ 0.06 mg g~ dry wt).

A comparative analysis of callus culture and corre-
sponding cell suspension showed that the latter produced
approximately 2-times less baicalin, wogonoside, and
luteolin (Fig. 3a, b). For example, S. alpina cells main-
tained as suspension liquid culture for 14 months (after
30th passage) contained 11.7 & 0.18 mg g~ ' dry wt of
baicalin compared to 21.8 + 0.63 mg g~ dry wt found in
callus at the same age and cultured on the solid medium of
the same composition. On the other hand, among the
in vitro raised tissues studied in the work, the S. alpina
suspension culture was characterized by the highest content
of verbascoside. The 14-month-old cell culture accumu-
lated 27.4 £ 0.39 mg of the compound: i.e., three times
more than those reported in the callus culture and shoots of
whole plants of S. alpina. In this study, verbascoside
content was found to increase from younger to older plants.
In shoots of 3-month-old plants, verbascoside was detected
at level of 2.15 4+ 0.22 mg g~ ' dry wt, whereas in shoots
of 2-year-old plants, the content was
9.71 + 0.36 mg g~ dry wt. The same trend was observed
in the roots of regenerated plants (5.4 £ 0.19 vs
724+ 03 mgg ' dry wt).

Discussion

In vitro cultures of S. alpina at different stages of differ-
entiation (callus cell suspension and shoot organ culture)
and in vitro-derived plants were established in order to
assess their potential as producers of bioactive polyphe-
nolic compounds. The resulting plant materials produced
baicalin, wogonoside, luteolin, and verbascoside. The
quantities of individual compounds varied depending on
the type of analyzed plant material, its age, and day of
culture passage.

It is generally accepted that undifferentiated cells, such
as callus or cell suspension, are not able to produce sec-
ondary metabolites or produce them in much lower
amounts than differentiated cells, specialized organ, or
whole plants (Szopa et al. 2013; Sierra et al. 1991). Nev-
ertheless, there are examples which show formation of high
amounts of metabolites in undifferentiated tissues. Kiong
et al. (2005) have reported that callus cultures of Centella
asiatica produced 2-3 times more of the triterpenoid
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saponin madecassoside than a 4-month-old plant. Also, a
suspension culture of Glechoma hederacea produced more
rosmarinic acid than the roots or leaves of the plant (Do-
ering and Petersen 2014). Similar findings are reported in
our study. Callus and cell suspension cultures of S. alpina,
where cells are undifferentiated, had higher ability to
produce baicalin, wogonoside, verbascoside, and luteolin
than culture of organized shoots. For example, the level of
baicalin was 26.25 mg g~ ' dry wt after 1.5 year in undif-
ferentiated callus culture, but only 11.68 mg g~" dry wt in
shoot culture. However, it is not clear whether it is a
consequence of differentiation or the influence of alterna-
tion in growth regulators in culture medium: shoots were
maintained on MS medium with 0.1 mg1~' IAA and
0.5 mg 1~! BAP, whereas for callus and cell cultures, MS
medium with 0.1 mg 1~' NAA and 0.2 mg 1= TDZ was
used.

Our experiments show that metabolite contents in
undifferentiated cultures of S. alpina (callus and cell sus-
pension) were relatively low during first 5 months of cul-
tivation, but increased during further subculture (after
1-2 years of cultivation). It is not surprising that metabolite
levels over time are not constant. Reduction, loss, or
fluctuations in secondary metabolite production over time
have been reported in in vitro cultures of numerous plant
species (Ravishankar and Venkataraman 1993). On the
contrary, the accumulation of rosmarinic acid in cell and
suspension culture of S. officinalis was constant for
1.5 year (Grzegorczyk et al. 2005). Also, Rehmannia
glutinosa callus maintained the ability to produce bioactive
iridoid and phenylethanoid glycosides during long-term
cultivation of 4 years (Piatczak et al. 2015).

Changes in metabolite levels in callus and cell cultures
of S. alpina were also reported based on day of culture
passage. The biomass and polyphenolic accumulation
profiles indicated that the best time to terminal the culture
cycle was day 15-18, when the cultures were at the sta-
tionary phase. In many cell cultures, secondary metabolite
production is increased by nutrient depletion and usually
begins when the cultures move from exponential into sta-
tionary phase (Grzegorczyk et al. 2006; Murakami et al.
1998). The present study with S. alpina showed that high
and stable production of analyzed compounds in callus and
cell cultures could be achieved in long-term cultures (1-2-
year). Also, the levels of bioactive flavones, which are
typical metabolites of Scutellaria genus, i.e., baicalin and
wogonoside in callus, were higher when they were grown
on solid agar medium than as suspension culture in the
liquid medium. The most important was the finding that
production of these flavones (baicalin and wogonoside) in
the callus culture (26.25 and 15.6 mg g~ ' dry wt, respec-
tively) can be similar to that in roots of in vitro-derived
plants of S. alpina and 10-20 times higher than that in

aerial parts of the plants (Fig. 3d). The comparative anal-
ysis was also performed with plants after a 3-month growth
period in the greenhouse and those cultivated for 2 years in
the field. Similarly, high baicalin (24.01 + 04 mg g~ ' -
dry wt) and wogonoside (11.27 & 0.5 mg g~' dry wt)
contents were found in roots of 2-year-old field-grown S.
alpina plants propagated from seeds (Grzegorczyk-Karolak
et al. 2015¢). Therefore, callus cultures of S. alpina rep-
resent an alternative potential source for baicalin and
wogonoside production, to the field-grown plants of the
species. Baicalin content in S. alpina callus was several
times greater than those previously reported by Nishikawa
et al. (1999) for calli of several other Scutellaria species,
which ranged from O (in S. pontica) to 2 mg g~ ' dry wt (in
S. indica). However, baicalin concentration in S. alpina
callus culture was lower than that reported by Yamamoto
et al. (1989a) for S. baicalensis callus (4 %). Wogonoside
content was found to be three times higher in callus cul-
tures of S. alpina than in the calli of seven other Scutellaria
species (Nishikawa et al. 1999) and similar to that detected
in S. baicalensis callus culture (Yamamoto et al. 1989a).
Undifferentiated cultures of S. alpina, especially cell
suspension, represent also valuable sources for the pro-
duction of verbascoside. The phenylethanoid glycoside
content in cell suspension kept in in vitro culture for more
than 1 year (25 passages at 14-day-intervals) was
27.4 mg g~ ' dry wt, when cells after 14 days of culture
were analyzed and increased to 36 mg g~' dry wt
(720 mg 17" culture) on the 15th day of the growth cycle
(Fig. 4b) The value was comparable to that observed in the
callus of S. iyoensis (about 40 mg g~ dry wt), but higher
than the values observed in other Scutellaria species (about
4-25 mg g~ ' dry wt) (Nishikawa et al. 1999). The ver-
bascoside is not unique for Scutellaria species; it is also
produced by many other plant species. It is also known that
in vitro conditions promote the accumulation of the com-
pound. For example, callus culture of Buddleja cordata
produced 86 mg g~ ' dry wt of verbascoside, compared to
10 and 68 mg g~ dry wt in the leaves and roots of the wild
plants, respectively (Estrada-Zuiiiga et al. 2009). A similar
tendency was observed in the present study with S. alpina,
where verbascoside level in the suspension cell culture was
2-5 times higher than in roots of the plants (Fig. 3c, d).

Conclusions

In the present study, a comparison of baicalin, wogonoside,
luteolin, and verbascoside production in different in vitro
culture systems (callus, cell suspension, shoot cultures) and
in vitro-derived plants) of S. alpina at various culture age
was performed. The results indicate that it is possible to
maintain the high level production of the bioactive
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compounds for a long period of time using in vitro systems.
Among these systems that were tested in the current study,
undifferentiated hypocotyl-derived callus of S. alpina was
characterized for the highest production of baicalin and
wogonoside. Their levels were comparable with those
found in roots of whole plants. On the other hand, sus-
pension culture initiated from the callus and subcultured
more than 20 passages in liquid MS medium containing
with 0.1 mg 1~' NAA and 0.2 mg 1~' TDZ produced large
quantities of verbascoside, which were higher than that
found in roots and shoots of S. alpina plants. High levels of
baicalin, wogonoside, and verbascoside in in vitro cultures
of the plant can be achieved within short time (14 days).
Thus, the undifferentiated cultures of S. alpina represent
promising system for the production of these bioactive
metabolites with different pharmacological activities. Pro-
ductivity of the cultures might be further optimized, for
example, by using of biotic and abiotic elicitors. Elicitation
to enhance baicalin, wogonoside, verbascoside production
has been successful in several cases (Kuzovkina et al.
2005; Yamamoto et al. 1989b).
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