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ABSTRACT

Liquid shoot culture of Salvia officinalis L. in MS medium containing IAA (0.1 mg 1'') and BAP (0.45 mg I'!)
was developed and evaluated in relation to shoot multiplication and antioxidant compound (carnosic acid, carno-
sol and rosmarinic acid) accumulation. In the liquid medium, on average, 3 new shoots per explant (shoot tip) we-
re obtained within 3 weeks. The shoots produced 8.2+0.02 mg of diterpenoids and 31.24+0.29 mg of rosmarinic
acid per gram of dry weight. Shoot proliferation and diterpenoid content increased when triacontanol (5, 10 or 20
pg 1'1) was added to the liquid medium. In optimum conditions (at 20 pg 1! TRIA) almost 7 shoots were formed
per explant after 3 weeks. An increase in diterpenoid production (expressed as the sum of carnosol and carnosic
acid) ranged from 30% to 50% and dependended on triacontanol concentration tested. The level of diterpenoids in
triacontanol-treated shoots was similar to the content of compounds in commercial herbal product (dried leaves of
S. officinalis) (10-12 mg g'! dry wt). Triacontanol did not increase rosmarinic acid production, but the content of
the phenolic as compound in shoots grown in liquid culture (31 mg g*! dry wt) was even 24 times higher compa-
red to samples of dried leaves of S. officinalis plants. We also demonstrated that the highest amounts of CA, Car
and RA were accumulated in young, top parts of sage shoots. This observation could be useful for improving the
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selection of material for the extraction of natural antioxidants from S. officinalis.
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INTRODUCTION

Salvia officinalis L. (sage) is an aromatic perennial herb
native to Southern Europe and Asia Minor. Among diffe-
rent species of the genus Salvia, S. officinalis is the econo-
mically most significant species, widely used in medicine,
cosmetology and food industry. This plant is listed in phar-
macopoeias of many countries. Leaf extracts of sage show
antibacterial, antiviral, anti-inflammatory, hypoglycemic
and antihydrotic activities (Farag et al. 1989; Leung 1989;
Tada et al. 1994; Essway et al. 1995; Baricevic et al.
2001). Recently, Rau et al. (2006) have reported that the
glucose lowering potential of sage and rosemary may be
attributed to peroxisome proliferators-activated receptor
gamma (PPARY) activation by carnosic acid and carnosol.
Sage extracts have also revealed very strong scavenging
activity of active oxygens and inhibition of lipid peroxida-
tion (Haraguchi et al. 1995). These properties are mainly
due to the presence of abietane diterpenoids (especially
carnosic acid and carnosol) and caffeic acid derivatives
(e.g. rosmarinic acid) (Cuvelier et al. 1994). Moreover,
carnosol and carnosic acid show apoptitic and antitumor
effects (Huang et al. 1994; Offord et al. 1995).

We have previously described micropropagation of S.
officinalis using shoot tips grown on agar-solidified me-
dium and showed that multiple shoots and in vitro regene-
rated plants were able to synthesize carnosol (Car), carno-
sic acid (CA) and rosmarinic acid (RA) (Grzegorczyk et al.
2005 and 2006). In vitro propagation of S. officinalis in so-
lid culture has been also reported by other authors
(Olszowska and Furmanowa 1992; Santos-Gomes et al.
2002). However, no data were found about liquid culture
system for sage shoot multiplication. The establishment of
culture in liquid media has several advantages, such as fa-
ster growth and multiplication rate (Ascough and Fennell
2004), lack of impurities from agar, dilution of exudates
from the explants (Ziv and Halevy 1983), uniform disper-
sal and better availability of nutrients and growth regula-
tors (Debergh 1983). The liquid system could be useful for
increasing the scale of production (towards scaling up for
bioreactor study) and cost reduction (agar is one of the
most expensive ingredients in the medium). However, to
establish the procedure for propagation of plants in a biore-
actor, culture conditions should be examined using solid
medium and then using liquid medium. For the above-
mentioned reasons we decided to develop the liquid culture
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of S. officinalis shoots for micropropagation and produc-
tion of antioxidant compounds i.e. carnosic acid, carnosol
and rosmarinic acid. We also used the liquid shoot culture
as a model system for the study of the factors, which could
stimulate shoot multiplication and production of antioxi-
dant compounds. In this study, triacontanol (TRIA) was
chosen as the factor. The choice of TRIA was based on our
earlier research with sage shoots cultured on agar medium
supplemented with this natural plant growth promoter
(Grzegorczyk et al. 2006) and literature reports (Yaseen
and Tajuddin 1998; Tantos et al. 1999; Fraternale et al.
2003). For comparison, contents of antioxidant compounds
in commercially available samples of sage leaves were pre-
sented. Moreover, the detailed analysis of carnosol, carno-
sic acid and rosmarinic acid distribution in different parts
of shoots of micropropagated S. officinalis plants from gre-
enhouse was performed in this study.

MATERIALS AND METHODS

Establishment of liquid shoot culture

Shoot tips (0.5 cm) of multiple shoot culture of S. offici-
nalis on MS (Murashige and Skoog 1962) agar (0.7%) me-
dium supplemented with TAA (0.1 mg I'') and BAP (0.45
mg 1') were inoculated into liquid medium of the same
composition, but excluding agar. Shaken liquid shoot cul-
ture was initiated by placing shoot tips into 300 ml Erlen-
meyer flasks containing 25 ml of MS liquid multiplication
medium. Two shoot tips were added per flask. The cultures
were incubated on a rotary shaker (100 rpm) for 3 weeks.
For initiation of static liquid culture, shoot tips were trans-
ferred into Magenta vessels (77x77x97 mm) containing 25
ml liquid MS medium. Two shoot tips were added per ves-
sel. The liquid media were adjusted to pH 5.6-5.9 before
being sterilized by autoclaving at 121°C for 17 min. All
cultures were kept at 26£2°C under a 16 h photoperiod pro-
vided by cool white fluorescent lamps (approximately 40
pmol m2 1), Only the shoots from static liquid culture we-
re further subcultured every three weeks and used in the
experiments described in the work.

Rooting and transplantation

Shoots that developed in liquid multiplication medium
were transferred individually into half strength MS agar
(0.7%) medium supplemented with IAA (0.1 mg 1'!). The
shoots were maintained for 4 weeks under the same culture
conditions as for shoot multiplication. After this time, the
percentage of rooted shoots was recorded. Rooted plantlets
(28 in number) were transplanted to pots filled with sterili-
zed mixture of sand, peat and soil (3:3:4 v/v/v) and grown
for 10 weeks in greenhouse conditions to determine the
percentage of plants that survived.

Influence of TRIA

The influence of TRIA on shoot multiplication and pro-
duction of antioxidant compounds in liquid static culture in
Magenta vessel was evaluated by inoculating shoot tips in
liquid shoot multiplication media (MS with 0.1 mg 1! TAA
and 0.45 mg 1'! BAP) supplemented with O (control), 5, 10
or 20 pg I'! TRIA. TRIA solution was prepared as descri-
bed in our previous work (Grzegorczyk et al. 2006). After
3 weeks, the number of shoots per explant was determined.
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The shoots were weighed at the beginning and the end of
the culture cycle (3 weeks) and the growth index (GI) was
calculated as follows:

GI = (final biomass weight — initial biomass weight)/ini-
tial biomass weight.

Five Magenta vessels for each treatment were used, each
vessel contained two explants. The experiment was repea-
ted three times.

Extraction and quantitative determination
of antioxidant compounds

For quantitative determination of carnosic acid, carnosol
and rosmarinic acid, 3-week-old shoots grown in liquid MS
medium containing IAA (0.1 mg 1'!), BAP (0.45 mg I'!) and
TRIA (0, 5, 10 or 20 pg 1'') were used. The commercially
available samples of sage leaves were used as a material
for the comparative analysis. The samples were purchased
from Kawon (Krajewice, Poland) and Phytopharm (Do-
brzyca, Poland) and they were “representative” of this what
consumers use for medicinal purposes. To study the distri-
bution of antioxidant compounds, the sage shoots from 10-
-week-old micropropagated plants grown in greenhouse
were divided into three parts: upper (located at the top of
shoot, consisting of the terminal bud and two nodes below
the bud with two parts of leaves), internal (with two middle
nodes and leaves) and lower (at the base of shoots).

Dried plant materials were extracted with acetone (for
CA and Car analysis) or methanol (for RA analysis).
HPLC analysis was performed on a Waters (Milford, USA)
Symetry® C 18 column (4.6x150 mm, 3.5 ym) with 2 cm
guard column. The solvent systems were acetonitrile/0.1%
o-phosphoric acid 65:35 (v/v) and acetonitrile/0.1% o-pho-
sphoric acid 30:40 (v/v) for diterpenes and RA analysis, re-
spectively. The details of extraction procedure and HPLC
analysis were described earlier (Grzegorczyk et al. 2006).
The compound concentrations were achieved using calibra-
tion curves prepared with standard compounds. Compound
contents were expressed as mg g-! of dry weight.

Data were recorded as means of three replicates + stan-
dard error. For TRIA treatment the data were analyzed
using U Mann-Whitney test (at a 5% probability level).

RESULTS AND DISCUSSION

Shoot tips of S. officinalis were incubated in liquid MS
medium supplemented with TAA (0.1 mg I'') and BAP
(0.45 mg I'"). This combination of growth regulators was
selected on the basis of our earlier experiments with sage
shoot culture on agar-solidified medium (Grzegorczyk and
Wysokinska 2004). Two types of liquid cultures under sta-
tic (in Magenta vessels) and agitated (in Erlenmeyer flasks)
conditions were used to determine the effect of liquid me-
dia on sage shoot proliferation. Our experiments showed
that shaken liquid culture was not effective in growth of sa-
ge shoot tips; they turned brown and hyperhydricity and
necrosis were observed within 3 weeks after the culture ini-
tiation. It indicates that the shoots are sensitive to shear
stress and/or totally submerged within liquid medium. Ba-
sed on this result the static liquid culture in Magenta ves-
sels was chosen for subsequent experiments. In that cultu-
re, the shoots were only partially submerged in liquid me-
dium (Fig. 1) and no hyperhydricity symptoms were obse-
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Fig. 1. Multiplied shoots of S. officinalis in Magenta vessel in liquid MS
medium supplemented with IAA (0.1 mg I'') and BAP (0.45 mg I'!) after
3 weeks. Bar 1 cm.

TABLE 1. The effect of TRIA on multiplication and growth of S. offici-
nalis shoots. The shoots grown in liquid MS medium supplemented with
IAA (0.1 mg I'Yy and BAP (0.45 mg I'!) for 3 weeks.

TRIA Average shoot Average shoot Mean
(ugI'h number/explant length growth index
[cm]
0 2.90+0.22 a 2.08+0.07 a 22.61%1.82a
5 5.94+0.37 be 1.67£0.06 b 23.17+£0.27 a
10 5.53+0.26 b 1.93+0.12 ab 29.00+1.61 b
20 6.73£0.41 ¢ 1.87+0.11 ab 25.94+0.27 ab

The values are the means + SE. The means in the column followed by the
same letter do not differ statistically at p<0.05.

rved, when the time spent by shoots in multiplication me-
dium took no longer than 3 weeks. At this time, on avera-
ge, 3 shoots per explant were formed and the multiplication
rate in the following ten subcultures under the described
conditions remained at the same level. Also on the agar-
gelled medium with the same growth regulators, sage cul-
tures responded with average number of 3 shoots per
explant, but the time required for the shoot induction was
longer (5 weeks) (Grzegorczyk et al. 2006). With respect to
morphology, sage shoots grown in liquid medium were
characterized by higher number of leaves, larger leaf areas
and shorter internodes compared to those cultured on the
agar-solidified medium (data not shown), and a decrease in
the average shoot length in the liquid medium was observed.
The average length of these shoots was 2 cm (Table 1), as
against 2.5 cm in agar culture (Grzegorczyk et al. 2006).
Moreover, shoots from liquid culture were difficult to root.
Only, 35% of the shoots formed roots within 4 weeks on
1/2 MS agar medium supplemented with TAA (0.1 mg 1),
whereas the percentage of shoots multiplied on agar-solidi-
fied medium was 77% (data not shown). As already men-
tioned, in our study, application of liquid medium was as-
sociated with decreased shoot length, and the effect can
probably be responsible for the reduced rooting of the sho-
ots. An inhibition of rooting of shoots, which were multi-
plied in liquid culture, has been also reported for Centau-
rium erythraea (Piatczak et al. 2005). When sage plantlets
were transferred into the soil and grown in the greenhouse
no differences were observed in growth and morphology
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between the plants coming from the liquid media during
multiplication stage and those multiplied on the solid me-
dium. Survival rate of the plantlets was above 93%.
Application of liquid medium was associated not only
with changes in sage shoot multiplication and their rooting,
but also with stimulation of antioxidant substance produc-
tion, such as carnosic acid, carnosol and rosmarinic acid. It
was found that sage shoots grown in the liquid medium for
3 weeks accumulated 8.2 mg g'! dry weight of diterpenoids
(calculated as the sum of CA and Car) and 31.2 mg g'! dry
weight of RA (shoots untreated with TRIA — Figs 2 and 3).
These values were about 60% and 250% higher than those
for diterpenoids and RA, respectively, in sage shoots
grown for 5 weeks on the agar-solidified medium of the sa-
me composition (Grzegorczyk et al. 2006). The differences
were even more evident when our results with liquid cultu-
re were compared with those reported by Santos-Gomes et
al. (2002) for sage shoot culture grown on MS agar me-
dium supplemented with 2,4-D (0.05 mg 1'!) and Kinetin
(1.5 mg I'"). The culture produced only about 2 mg of di-
terpenoids (CA + Car) and 2.25 mg of RA per gram dry
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Fig. 2. The effect of TRIA on content of diterpenoids (carnosic acid and
carnosol) in liquid shoot culture of S. officinalis. Shoots grown in liquid
MS medium supplemented with IAA (0.1 mg 1I'') and BAP (0.45 mg 1'")
for 3 weeks.

The values are three means for sum of carnosol and carnosic acid + SE.
The bars with different letters indicate significant differences between tre-
atments at p<0.05.
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Fig 3. The effect of TRIA on content of rosmarinic acid in liquid shoot
culture of S. officinalis. Shoots grown in liquid MS medium supplemen-
ted with IAA (0.1 mg 1'') and BAP (0.45 mg 1'!) for 3 weeks.

The values are three means = SE. The bars with different letters indicate
significant differences between treatments at p<0.05.
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weight of shoots. In this case, however, the differences in
product levels could be also related to different growth re-
gulators used in the culture. Some other plant species are
also known to accumulate in liquid cultures considerable
amounts of various classes of secondary metabolites. This
is the case, for example with Catharanthus roseus shoot
culture producing ajmalicine (Satdive et al. 2003), Stevia
rebudiana in respect to steviol glycoside biosynthesis
(Bondarev et al. 2002) and amphibian shoot culture of
Isoptexis canariensis which accumulated cardenolides
(Schaller and Kreis 2006). In the last case, however, carde-
nolide level was lower compared to that in the shoots culti-
vated on agar-solidified medium. It was also observed by
Sales et al. (2002) in Digitalis minor shoot culture. The au-
thors suggested that the reduction of cardenolide content in
liquid medium might be associated with hyperhydricity of
shoots grown under these conditions. It is important to no-
tice that sage shoots were not hyperhydric when they were
cultivated in liquid static culture for 3 weeks.

We studied also the effect of triacontanol on sage shoot
proliferation and production of antioxidant compounds
(CA, Car and RA) in liquid medium. Triacontanol, a long
30-carbon primary alcohol naturally occurring plant
growth promoter is known to increase the growth and yield
of some plants both in vivo and in vitro (Ries 1985; Kissi-
mon et al. 1999; Tantos et al. 1999). We found that TRIA
added to the liquid MS medium supplemented with TAA
and BAP stimulated sage shoot multiplication at all con-
centrations tested (5, 10 or 20 ng 1'!). Optimum axillary
shoot induction (7 new shoots per explant within 3 weeks)
occurred at 20 pg 1! TRIA. Lower concentrations of TRIA
(5 and 10 pg 1'") were less effective, but the number of sho-
ots per explant was still significantly higher in comparison
with the control culture (shoots untreated with TRIA) (Ta-
ble 1). Also, the growth index, calculated on a fresh weight
basis, was increased when TRIA was present in the liquid
medium, but the shoots were slightly smaller as compared
to those untreated with TRIA. The differences were not
statistically significant at 20 pg I'! TRIA, the concentration
which was most responsible for shoot multiplication. TRIA
was also effective for enhancement of production of antio-
xidant diterpenoids in sage shoots multiplied in liquid cul-
ture. The sum of CA and Car in TRIA-treatment shoots
was by about 30-50% higher than in the control (signifi-
cant difference at p<0.05). The most evident effect of tria-
contanol was observed on carnosol content. The amount of
the oxidized derivative of carnosic acid in sage shoots
grown in the presence of TRIA was even twice higher than
that in control culture (Fig. 2). The results presented here
are generally in agreement with data earlier obtained for
solid culture of sage shoots (Grzegorczyk et al. 2006), al-
though a difference in optimum concentration of TRIA was
evident with two different culture systems. Liquid culture
system exhibited maximum level of diterpenoids (12 mg g!
dry wt) with 10 pg 1" TRIA (Fig. 2.), while 5 pg 1! TRIA
yielded a maximum CA and Car (10.2 mg g'! dry wt) in
shoots grown in solid culture (Grzegorczyk et al. 2006).
The fact that liquid culture requires higher concentration of
TRIA for improvement of both shoot multiplication and di-
terpenoid accumulation suggests that the compound may
be more rapidly metabolized in liquid culture than in solid
medium. Moreover, significant differences in TRIA re-
sponse with respect to RA production between two types
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of sage shoot cultures were observed. We found that TRIA
had no effect on RA content (at the concentration of 10
pg 1Y) or slightly reduced its level (at 5 or 20 pg I'') in sage
shoots cultured in the liquid medium, although the growth
regulator had been increased the RA level in the solid cul-
ture at all used concentrations (5, 10 or 20 pg I'!). In litera-
ture only the increase in essential oil yields in micropropa-
gated plantlets of Thymus mastichina (Fraternale et al.
2003) and Artemisia annua in vitro culture (Yaseen and
Tajuddin 1998) have been described as the result of TRIA
treatment. The effect of TRIA on other secondary metabo-
lites has not been still reported. Also the mechanism action
of triacontanol on secondary metabolite production has re-
mained unknown.

Taking together the results of the current study and those
obtained earlier (Grzegorczyk et al. 2006), it is evident that
the type of medium (liquid/solid) affects shoot multiplica-
tion, their quality and production of secondary metabolites
in sage culture. The negative effect of liquid culture on
shoot rooting is a significant problem in the wide use of the
culture for micropropagation of S. officinalis. On the other
hand, liquid shoot culture could be useful for the produc-
tion of antioxidant compounds. The amounts of carnosol
and carnosic acid in shoots grown in the liquid medium
were comparable to these of two commercially available
samples of sage leaves. The latter plant material, however,
contained up to 24 times less RA found in liquid culture of
sage shoots (Table 2). It is known that aerial parts, espe-
cially leaves, of sage and rosemary plants are the main site
of accumulation of CA and Car (Munne-Bosch and Alegre
2001). Only the trace amount of the compounds was detec-
ted in roots of the plants (Munne-Bosch and Alegre 2001).
Here, we analyzed the contents of CA, Car and RA in dif-
ferent parts of shoots of 10-week-old micropropagated
plants of S. officinalis in order to check the distribution of
antioxidant compounds within the shoots. As can be seen
in Table 3, the youngest, upper parts of shoots, consisting
of the terminal bud and two nodes below the bud with two
pairs of leaves, had considerably higher levels of both di-

TABLE 2. Content of carnosol, carnosic acid and rosmarinic acid in com-
mercially available samples of S. officinalis dried leaves.

Content [mg g'! dry wt]

Sample from

CA Car RA
Kawon 8.35£0.10 1.46%0.07 1.31+0.03
Phytopharm 9.47+0.09 2.45+0.01 7.30+0.14

The values are the means + SE of three replicates.

TABLE 3. Comparison of CA, Car and RA contents [mg g! dry wt] in
different parts of shoots of 10-week-old micropropagated S. officinalis
plants grown in greenhouse.

Content [mg g! dry wt]
Plant material

CA Car RA
Whole shoots 11.37£0.16 1.09£0.08 12.2310.17
Shoot part
upper 23.13£0.40 2.09£0.20 15.0010.18
inner 12.4940.31 0.92£0.03 10.57+0.23
lower 4.39+0.07 0.54+0.05 10.99+0.08

The values are the means + SE of three replicates.
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terpenoids and RA than the remaining, older parts of sho-
ots. The result indicates that the position of the leaves on
sage shoot should be taken into consideration when sage
plant material has been chosen for extraction of antioxidant
compounds. The results are in accordance with Hidalgo et
al. (1998), who also found that the content of carnosic acid
is the highest in youngest leaves of Rosmarinus officinalis.
The authors suggested that it might be due to the fact that
antioxidants as protective compounds are important at the
early growth stage, where young leaves are more vulnera-
ble and/or young leaves have a far more active metabolism,
so they require higher concentrations of essential compo-
unds needed for growing. Our sage shoot culture started
from shoot tips and grown under optimum conditions (i.e.
MS liquid medium supplemented with 0.1 mg I-'! TAA, 0.45
mg I'' BAP and 20 pg I'! TRIA) contained about 50% of
the diterpenoids (CA + Car) accumulated in the top parts of
shoots of micropropagated plants grown for 10 weeks in
the greenhouse conditions. However, considering the time
which is needed to accumulate diterpenoids in liquid shoot
culture (3 weeks), accumulation is nearly comparable. It
should be also noticed that liquid shoot culture represents ad-
vancement in respect to RA accumulation; content of the de-
pside in shoots grown in liquid culture was over two fold hi-
gher than that in young, upper parts of sage shoots (Table 3).

This is the first study concerning production of CA, Car
and RA in sage shoots grown in liquid medium. The sy-
stem may be important for further investigations focused
on the production of the antioxidant metabolites in sage
shoots grown in a bioreactor. Based on these results the
bioreactor model in which shoots would be temporarily im-
mersed in the liquid medium is proposed.
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