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Abstract Salvia leriifolia Benth. (Lamiaceae) is an
endangered medicinal plant with hypoglycemic, anti-
inflammatory and analgesic properties. Many of the
beneficial effects of Salvia spp. are attributed to the
phenolic compounds. In the present study, an efficient
procedure has been developed for establishment of
cell suspension culture of S. leriifolia as a strategy to
obtain an in vitro phenolic acids producing cell line for
the first time. The effect of growth regulators and
various concentrations of sucrose have been analyzed,
to optimize biomass growth and phenolic acids
production. The callus used for this purpose was
obtained from leaves of 15-day-old in vitro seedlings,
on Murashige and Skoog (MS) basal medium supple-
mented with different hormone balances including
benzylaminopurine (BAP) and indole butyric acid
(IBA); 2,4-dichlorophenoxyacetic acid (2,4-D) and
kinetin (KIN); naphthaleneacetic acid (NAA) and
BAP. Modified MS medium supplemented with 5 mg/
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L BAP and 5 mg/L NAA was the optimal condition
for callus formation with the highest induction rate
(100%), the best callus growth and the highest
phenolic acids content. No callus induction was
observed in combinations of IBA and BAP. Cell
suspension cultures were established by transferring
0.5 g of callus to 30 mL liquid MS medium supple-
mented with 5 mg/L BAP and 5 mg/L NAA. Dynam-
ics of phenolic acids production has been investigated
during the growth cycle of the suspension cultures.
The maximum content of caffeic acid and salvianolic
acid B were observed on the 15th day of the cultivation
cycle while the highest amount of rosmarinic acid was
observed on the first day. In response to various
sucrose concentrations, cell cultures with 40 g/L
sucrose not only produced the highest dry biomass
but also the highest induction of caffeic acid and
salvianolic acid B. The highest amount of rosmarinic
acid was observed in media containing 50 g/L sucrose.
These prepared cell suspension cultures provided a
useful system for further enhanced production of
phenolic acids at a large scale.
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Introduction

Salvia is the largest genus of the family Lamiaceae and
includes nearly 900 species throughout the world
(Ghorbani and Esmaeilizadeh 2017). Fifty-eight
species of the genus Salvia are found in Iran, of which
17 are endemic (Jalili and Jamzad 1999). Salvia
leriifolia Benth. is an endemic plant with the local
name Nowrozak which is mainly grows in Khorasan
Razavi and Semnan provinces of Iran (Rechinger
1982). It has been reported that ethanolic extract of S.
leriifolia has several pharmaceutical effects. For
instance, its Neuroprotective effects on cerebral
ischemia reperfusion injury in mice (Sadeghnia et al.
2003), attenuation of morphine dependence and anti-
inflammatory effects (Hosseinzadeh and Yavary
1999) has been shown. Additionally, S. leriifolia has
been used as anti-diabetic, anti-cancer and anti-
Alzheimer’s agent (Loizzo et al. 2009). Many of the
beneficial medicinal effects of Salvia species are
attributed to polyphenol compounds including caffeic
acid, rosmarinic acid, salvianolic acids and lithosper-
mic acids (Lu and Foo 2002). It has been reported that
caffeic acid derivatives have extensive biological
activities including antioxidant, antivirus, anti-throm-
bosis, antihypertension, anticancer (Ren-Wang et al.
2005), anti-inflammatory and antitumor activities
(Gamaro et al. 2011). Furthermore, rosmarinic acid
has been known to induce antibacterial, antioxidant,
antiviral anti-inflammatory effects and used in treat-
ment of neurological disorders such as Alzheimer’s
disease (Petersen and Simmonds 2003; Shimojo et al.
2010). Salvianolic acids which are derived from
S. miltiorrhiza show anticancer and antifibrotic and
cardioprotective properties (Yang et al. 2016; Wang
et al. 2013). Pharmaceutical properties of S. leriifolia
have brought about its demise through being overhar-
vested to the point it has been listed as endangered
species in Iran (Jalili and Jamzad 1999). However,
physiological impediments like seed dormancy and
low germination frequency restrict the propagation of
this plant. Therefore, in vitro culture of S. leriifolia
would be a reasonable alternative approach to under-
take in order to produce large-scale bioactive sec-
ondary metabolites (Owis et al. 2016; Khanpour-
Ardestani et al. 2015). Manipulation of the culture
environment must be effective in enhancement of the
product. The induction of secondary metabolites could
be altered by chemical factors such as nutritional
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factors, sugar and growth regulators. The level of
sucrose has been shown to affect the productivity of
secondary metabolites (Murthy et al. 2014). Higher
sucrose concentrations were found to be optimal for
rosmarinic acid production in S. officinalis, Coleus
blumei and Anchusa officinalis cell cultures (Hip-
polyte et al. 1992, Martinez and Park, 1993; Su and
Humphrey, 1990). Recently, Ali et al. (2016) have
reported 50 g/L sucrose as the optimum concentration
for maximum accumulation of phenolics and flavo-
noids in cell suspension cultures of Artemisia
absinthium L. In spite of many investigations on
in vitro production of phenolic acids in plant species,
there are very few reports about production of
phenolic acids in cell culture of Salvia species. For
example, establishment of cell suspension culture and
phenolic acids production has been reported in S.
miltiorrhiza (Dong et al. 2010), S. officinalis (Santos-
Gomes et al. 2003; Grzegorczyk et al. 2007) and S.
fruticose (Karam et al. 2003). Previously, we deter-
mined the amounts of rosmarinic acid, salvianolic acid
B and caffeic acid in the roots, leaves and calli
(induced from shoot apical meristem) of S. leriifolia
by HPLC method (Modarres et al. 2014). This
research aims: (1) to establish callus (from leaves)
and cell suspension culture of S. leriifolia. through
application of a combination of growth regulators, (2)
to induce production of phenolic acids, and (3) to test
whether production of phenolic acids in cell suspen-
sion culture under different concentrations of sucrose
is enhanced.

Materials and methods
Plant material and embryo culture

S. leriifolia seeds were collected from Kohsanghi Park
district, Mashhad (36.26 N, 59.61 E), Iran, kept cool at
4 °C for 3 weeks and were stratified afterwards.
Because of low rates of seed germination, embryonic
culture was applied in order to produce sterile
seedlings. After the seed coats were aseptically
removed, the embryos were placed on MS medium
containing 3% (w/v) sucrose, 0.7% (w/v) agar, glycine
(2 mg/L), active charcoal (2 mg/L), pH 5.8 and were
incubated in darkness for 7 days. Afterwards, the
cultures were maintained at 24 + 1 °C temperature
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and 16 h light (40-45 pmol~2 S™')/8 h dark condi-
tion (Modarres et al. 2014).

Callus induction

Leaf pieces (I cm xlcm) of aseptic 15 days old
seedling were used as primary explants for establish-
ing callus cultures. The explants were cultured on MS
basal medium supplemented with 38 hormone com-
binations of different compositions including [Benzy-
laminopurine (BAP) (0, 0.5, 1, 2, 3 mg/L) and indole
butyric acid (IBA) (0, 0.5, 1, 2 mg/L); 2,4-
dichlorophenoxyacetic acid (2,4-D) (0, 1, 2, 3, 4,
5 mg/L) and kinetin (KIN) (0. 0.5, 1 mg/L); naph-
thaleneacetic acid (NAA) and BAP (0, 1, 2, 3, 4, 5,
6 mg/L)] (Table 1). Then, 20 cc of each hormonal MS
medium was transferred to vials (10 x 3 cm) and
autoclaved at 121 °C for 20 min. The cultures were
incubated in dark and 25 °C. The calli were subcul-
tured 4 times with interval of 30 days on MS medium
with the same hormonal conditions. At the end of the
fourth subculture, data were recorded including callus
induction rate, callus fresh weight, dry weight and
callus status. Optimum callus culture media were
determined according to callus induction rate, growth
and phenolic acids content. All plant growth regulators
were purchased from Sigma-Aldrich Co (Gillingham,
Dorset, UK).

Cell suspension culture

Cell suspension culture was established by transfer-
ring 0.5 g of callus into 100 mL Erlenmeyer flasks
containing 30 mL of fresh MS liquid medium supple-
mented with 5 mg/LL NAA 4+ 5 mg/L BAP and
sucrose (30 g/L), pH 5.8. The suspension cultures
were shaken at 125 rpm and maintained at 16 h light
(4045 umol_2 S_l)/S h dark condition. The suspen-
sion cultures were subcultured in the MS liquid
medium with interval of 12 days by transferring
10 mL of culture containing freely dispersed cells
and aggregates into 100 mL Erlenmeyer flasks con-
taining 20 mL of fresh medium with the same
composition. For determination of cell suspension
growth curve, cell dry weight, phenolic acids content
was determined with sets of Erlenmeyer flasks
harvested at 2 day-intervals in a period of 18 days.
Readings were taken from three Erlenmeyer flasks for

Table 1 Composition of plant growth regulators used for
callus induction

Treatment NAA (mg/L) BAP (mg/L)
1 0 0
2 0.5 1

3 1 0.5
4 1 1

5 1 2
6 2 1

7 2 2

8 2 3

9 3 2
10 3 3
11 3 4
12 4 3
13 4 4
14 4 5
15 5 4
16 5 5
17 5 6
18 6 5
19 6 6
Treatment 2,4-D (mg/L) KIN (mg/L)
1 0 0
2 1 0.3
3 1 1
4 2 1
5 3 1
6 4 1
Treatment BAP (mg/L) IBA (mg/L)
1 0 0
2 0.5 0.5
3 0.5

4 0.5 2
5 1 0.5
6 1 1
7 1 2
8 2 0.5
9 2 1
10 2 2
11 3 0.5
12 3 1
13 3 2
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each parameter. Cells were filtered using nylon mesh
and freeze-dried.

Effect of sucrose concentrations

The effect of sucrose was evaluated by transferring
0.5 g fresh weight of callus into 100 mL Erlenmeyer
flasks containing 30 mL of MS liquid medium
supplemented with 5 mg/l. NAA + 5 mg/LL BAP
and concentrations of sucrose (30 g/L as control
(normally used in MS medium), 40 and 50 g/L as
treatment). Cultures were incubated under 16 h light
(40—45 pmol ™2 S™')/8 h dark condition on a 125 rpm
shaker. Dry weight (DW) and accumulation of
selected phenolic acids were evaluated after 15 days.

Determination of phenolic acids content

Phenolic acids were extracted using 0.5 g of callus and
cells by 20 mL of ethanol (60% w/w) and then
sonicated for 30 min. The solvent was removed by a
rotary evaporator. Then distilled water (20 mL) was
added to the remaining residue and the pH of the
solution was adjusted at 2.0. Then, ethyl acetate was
added to the solution in five separate stages and then
separated from the aqueous phase and removed on a
rotary evaporator. The remaining residue was dis-
solved in 10 mL of methanol and filtered through a
0.25 pum filter. The isolated phenolic acids were
analyzed by HPLC (Knauer, Berlin, Germany) with
a 2800 photodiode array detector (Knauer smartline)
and a C-18 column (5 pm, 4.6 x 150 mm, Macherey—
Nagel, Diiren, Germany). The mobile phase consisted
of phosphoric acid 1% and methanol (min, water:
methanol; 0, 60:40; 17, 50:50; 18, 40:60; 25-30,
60:40). The flow rate was 1 mL/min. Components
were identified at 333 nm using a UV detector. The
presence of phenolic acids in the samples was verified
by comparison of retention times and UV spectral
peaks of the sample with authentic standard (Modarres
et al. 2014). Caffeic acid, rosmarinic acid and
salvianolic acid B standards were purchased from
Sigma-Aldrich Co.

Statistical analysis
All data were analyzed using JMP and MSTAT-C

statistical softwares in a completely randomized
design with three replicates. Statistical significance

@ Springer

of differences in treatments were determined by a one-
way analysis of variance (ANOVA) followed by a
Duncan’s test. All errors are expressed as standard
errors (SE). P < 0.05 was considered to be a signif-
icant difference.

Results
Callus induction

In the present study, to determine the optimum level of
plant growth regulators in S. leriifolia, different
concentrations of IBA 4+ BAP, 2.4-D + KIN and
NAA + BAP (mg/L) were used in MS medium for
callus induction. Results in Tables 2 and 3 showed no
response on callus induction in control specimens (no
growth regulators) and in combinations of IBA and
BAP. The explants did not induce callus in most of the
2,4-D + KIN combinations except in combination of
3mg/L 24-D 4+ 1 mg/L KIN and 4 mg/L 24-
D + 1 mg/LL KIN. Combination of 3 mg/L 24-
D + 1 mg/L KIN showed the greatest effect on callus
induction rate (76.27%) and callus dry weight
(Table 2 and Fig. 1b). The highest percentage of
callus induction rate (100%) and callus dry weight
(0.38 g) was observed in combination of 5 mg/L
NAA + 5 mg/L BAP (Table 3, Fig. 1a).

Phenolic acids content of calli

Preliminary screening results showed two combina-
tions of 5 mg/L NAA + 5 mg/L BAP (from different
concentrations of NAA and BAP) and 3 mg/L 2.4-
D + 1 mg/L KIN (from different concentrations of
2,4-D and KIN) produced the greatest callus induction
and dry weight. Therefore, in the next step, these
combinations were supplemented into MS medium for
determining phenolic acids production. Results
showed supplemented MS medium with 5 mg/L
NAA and 5 mg/L BAP induced 16.72 mg/g DW
rosmarinic acid which was 4 times greater than in MS
medium supplemented with 3 mg/L 2,4-D and 1 mg/L
KIN (Table 4). There were no significant differences
between caffeic acid and salvianolic acid B contents in
treatments with these media.
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Table 2 Effect of different levels of 2,4-D and KIN on S. leriifolia leaf explants in MS medium

2,4-D (mg/L) KIN (mg/L) Callus induction rate (%) Fresh weight (g) Dry weight (g) Callus status

0 0 0 0 0 -

1 0.3 0 0 0 -

1 1 0 0 0 -

2 1 0 0 0 -

3 1 76.27% 0.698* 0.078* Compact and opaque
4 1 75.82° 0.572° 0.061° Compact and opaque

Data represent means (n = 3) for each different level of 2,4-D and KIN as a treatment. Means sharing the same letter in each column

do not differ significantly at P < 0.05 (Duncan’s test)

Table 3 Effect of different levels of NAA and BAP on S. leriifolia leaf explants in MS medium

NAA (mg/L) BAP (mg/L) Callus induction rate (%) Fresh weight (g) Dry weight (g) Callus status
0 0 0 0 0 -

0.5 1 0 0 0 -

1 0.5 0 0 0 -

1 1 0 0 0 -

1 2 0 0 0 -

2 1 0 0 0 -

2 2 0 0 0 -

2 3 0 0 0 -

3 2 0 0 0 -

3 3 0 0 0 -

3 4 0 0 0 -

4 3 0 0 0 -

4 4 0 0 0 -

4 5 0 0 0 -

5 4 0 0 0 -

5 5 100° 4.356° 0.379* Yellowish
5 6 89.5° 2.42° 0.220° Yellowish
6 5 95° 2.95° 0.197° Yellowish
6 6 100* 2.36° 0.193° Yellowish

Data represent means (n = 3) for each different level of NAA and BAP as a treatment. Means sharing the same letter in each column

do not differ significantly at P < 0.05 (Duncan’s test)

Cell suspension culture

Calli grown on 5 mg/LL NAA + 5 mg/L BAP were
used for establishment of cell suspension cultures
(Fig. 1c, d). Cell growth was determined by recording
the dry weight of the cells every 2 days (Fig. 2a). The
growth curve of suspension cultures showed a slow
growth till day 8 followed by a sharp increase till day
14. The greatest dry weight was reached on day 15.

Then the growth curve revealed a decreased growth
rate till day 18.

Dynamics of phenolic acids production
in suspension culture

Dynamics of caffeic acid production in S. leriifolia

cell suspension culture are shown in Fig. 2b. Caffeic
acid content in the culture increased during the first

@ Springer
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Fig. 1 Establishment of S. leriifolia callus and cell suspension
culture. a callus from leaf explants on MS medium with 5 mg/L
BAP and 5 mg/L. NAA, b callus from leaf on MS medium with

3 mg/L 2,4-D and 1 mg/L KIN, ¢ S. leriifolia suspension culture
grown in a flask, d cell suspension culture showing photomi-
crograph of round (r) and elongated (e) shaped cells (x 40)

Table 4 Caffeic acid, rosmarinic acid and salvianolic acid B contents in extracts of S. leriifolia callus

Compound content (mg/g DW)

Callus Caffeic acid Rosmarinic acid Salvianolic acid B
2,4-D 3 mg/L + KIN 1 mg/L 0.32* 3.57° 0.48*
NAA 5 mg/L + BAP 5 mg/L 0.33% 16.72% 0.41*

Data represent means (n = 3). Means sharing the same letter in each column do not differ significantly at P < 0.05 (Duncan’s test)

6 days, decreased afterwards to the lowest concentra-
tion on day 12, increased to the peak on day 15, and
decreased at day 18. The content of rosmarinic acid
reached its highest level on the first day after culture,
decreased steadily until day 12, hiked again till day 15
and decreased again till day 18 (Fig. 2c). Salvianolic
acid B content increased markedly during the first
6 days of cell suspension culturing and reached its
highest level on day 15 (Fig. 2d).

Effect of sucrose on growth and phenolic acids
production in suspension culture

The growth of cell suspension cultures and biosyn-
thesis of selected phenolic acids was affected by the
amount of sucrose added to the nutrient medium. The
results show that the dry weight of the cells grown on
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medium containing 40 g/L sucrose increased and the
highest contents of caffeic acid and salvianolic acid B
in the medium recorded (Fig. 3a, b, d). The highest
amount of rosmarinic acid was observed in medium
containing 50 g/L sucrose (Fig. 3c) compared with the
control.

Discussion

The present study provides a strategy for production of
valuable phenolic acids of the endangered medicinal
plant species, S. leriifolia, through the application of
in vitro culture techniques. Callus cultures were
successfully induced from S. leriifolia leaves on solid
MS medium with optimized concentrations of growth
regulators. Maximum induction of callus from S.
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Fig. 2 Growth curve of suspension-cultured S. leriifolis cells
during 18 days of incubation in MS medium containing 5 mg/L
NAA and 5 mg/L BAP and phenolic acids content during
different growth stages. a cell dry weight, b caffeic acid,

leriifolia leaves was obtained from a combination of
5 mg/L NAA and 5 mg/L BAP. Kintzios et al. (1999)
also achieved the best callus induction with NAA/BAP
combination for S. officinalis. Liu et al. (2012)
reported highest callus induction of S. splendens
under combination of 2, 4-D and BAP. In our study,
no callus induction was observed in combination of
IBA and BAP. This could be because of the variation
in the cell sensitivity of S. leriifolia towards the growth
regulators concentrations and their specific receptors
present in the different plant tissues (Moore 1989;
Rahayui et al. 2016). In the present study, rosmarinic
acid, caffeic acid and salvianolic acid B were detected,
respectively, in greater concentrations in the callus
cultures. The highest content of rosmarinic acid
(16.72 mg/g DW) was obtained from media supple-
mented with 5 mg/LL NAA and 5 mg/LL BAP which
was about fourfolds higher than for calli grown in
3 mg/L 2, 4-D and 1 mg/L KIN media. It was also
about fourfold higher than rosmarinic acid content we
previously reported from leaves of S. leriifolia (Mo-
darres et al. 2014). The type and concentration of

1 3 6 9 12 15 18
Time (day)
d
§ 0.9
2 0.8

4
S 8
9

Salvianolic acid B (mg/
[ — I — I — I — ]
S = N W e N

1 3 6 9 12 15 18
Time (day)

¢ rosmarinic acid and d salvianilic acid B. Data represent
mean + SE, n = 3; Means sharing the same letter do not differ
significantly at P < 0.05 (Duncan’s test)

auxin or cytokinin alters both the growth and produc-
tion of secondary metabolites (Rao and Ravishankar
2002). Huang et al. (2000) reported that 2, 4-D
decreased the rosmarinic acid production in S. milti-
orrhiza while BAP increased it. Although, different
responses of plants to growth regulators were studied
in the past, we still know few about the regulatory
mechanism of induced secondary metabolites by the
same growth regulators. Some investigators have
reported different amounts of phenolic acids produc-
tion in Salvia species. However, their results are
different from the results obtained in this study. In
previous studies, rosmarinic acid production has been
reported in other Salvia species (Grzegorczyk et al.
2005; Wu et al. 2016). However, contents of ros-
marinic acid were lower than those obtained in the
present study. There are few reports on caffeic acid
production in plant callus cultures. In the present
study, callus culture yielded 0.6-0.7 mg/g DW of
caffeic acid which was higher than in the leaves of S.
leriifolia (Modarres et al. 2014). Santos-Gomes et al.
(2003) reported production of caffeic acid (0.008 mg/

@ Springer



748

Cytotechnology (2018) 70:741-750

a 124
1 a
I
0.8 -
5 b
'g 0.6 - :
>
g 04
C
0.2 4 =

=

30 40 50
Sucrose (g/L)

C 8 -
271 a
a | I
-]
E%]
854
&2
£ £
01 S i S
30 40 50
Sucrose (g/L)

Fig. 3 Effect of different concentrations of sucrose on cell
biomass (a), caffeic acid (b), rosmarinic acid (¢) and salvianilic
acid B (d) content of S. leriifolia cell suspension culture. Data

g) in callus culture of S. officinalis which was much
lower than we obtained in S. leriifolia callus culture.
Our results showed that the yield of salvianolic acid B
in callus cultures was 0.41-0.48 mg/g DW which was
considerably higher than what we have found previ-
ously in S. leriifolia leaves (Modarres et al. 2014). The
phenomenon seen in our investigation is in agreement
with data of Wu et al. (2016) showing greater
production of salvinolic acid in callus culture than in
leaves in S. miltiorrhiza. The rapid suspension culture
system for S. leriifolia was established in MS medium
supplemented with 5 mg/LL NAA + 5 mg/L BAP for
the first time. In agreement with us, cell suspension
culture of S. officinalis has been established on MS
media supplemented with NAA and BAP (Bolta et al.
2000; Grzegorczyk et al. 2005). There are some
reports on the use of other hormones for induction of
cell suspensions culture from Salvia species. For
example, Karam et al. (2003) used thidiazuron (TDZ)
and TAA for S. officinalis. However, Dong et al. (2010)
induced cell suspension culture from S. miltiorrhiza in
the absence of any hormone. Production of phenolic
acids has been reported in Salvia cell suspension
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cultures (Santos-Gomes et al. 2003; Grzegorczyk et al.
2005).

Results of this investigation also showed that
dynamics of phenolic acids accumulation in S.
leriifolia cell suspension culture is time dependent
for different products (Fig. 2). For example, the
highest content of caffeic acid and salvianolic acid B
was observed on the 15th day of the cultivation cycle,
while the greatest content of rosmarinic acid was
observed on the first day of the cultivation cycle.
These results are in agreement with findings of Santos-
Gomes et al. (2003), that reported rosmarinic acid
production decreased parallel to cell growth in S.
officinalis cell culture. Weremczuk-Jezyna et al.
(2017) also showed similar patterns of rosmarinic
acid accumulation in Dracocephalum moldavica L.
cell cultures. As rosmarinic acid is a substrate for
salvialonic acid B (Petersen and Simmonds 2003), it
seems that probably under special hormonal condi-
tions, rosmarinic acid is used for the production of
salvianolic acid B. The level of sucrose has been
shown to affect the productivity of secondary metabo-
lite-accumulating cultures. In this study, we report for
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the first time on the increase of selected phenolic acids
contents in S. leriifolia under treatment with different
sucrose concentrations. In response to various sucrose
concentrations from 30 to 50 g/L, cultures with 40 g/L
sucrose not only produced the highest dry biomass but
also showed the highest induction of caffeic acid and
salvianolic acid B compared with the control. Maxi-
mum accumulation of rosmarinic acid (6. 409 mg/g
DW) was observed in cultures supplemented with
50 g/L sucrose. It was fourfold greater than in 30 g/L.
(control) sucrose supplemented cells. Similar results
were reported by Hippolyte et al. (1992) on S.
officinalis cell cultures. They showed the highst
rosmarinic acid accumulation at 50 g/L sucrose. Bauer
et al. (2004) has reported increased sucrose concen-
trations in MS medium diminished the growth of cells
of Coleus blumei in suspension culture and media with
40 and 50 g/L of sucrose stimulated rosmarinic acid
accumulation more than MS medium with 30 g/L
sucrose. Moreover, the synthesis of rosmarinic acid
has been shown to be upregulated by elevation of
sucrose levels from 10 to 50 g/L. (Gertlowski and
Petersen, 1993; Petersen 1991). These increased levels
of phenolic acids production could possibly be due to
changes in the surrounding environment, such as
osmolarity and disturbed cellular metabolism (Yang
et al. 2012). It has long been known that sucrose
provides energy, serves as a structural unit and
generates physiological signals that regulate the
expression of genes involved in both primary and
secondary metabolism (Ali et al. 2016). It seems that
lower sucrose concentration cannot provide adequate
energy and, therefore, may not be able to act as a
building block, a finding consistent with the results of
this study.

Conclusion

In conclusion, for the first time, we successfully
established callus and cell suspension cultures of S.
leriifolia for the phenolic acids biotechnological
production. The best callus growth and the highest
phenolic acids production were obtained under culti-
vation in basal MS medium containing 5 mg/L NAA
and 5 mg/L. BAP. Prepared cell suspension cultures
provide an efficient alternative method for the pro-
duction of valuable phenolic acids. In addition,
sucrose-treated suspension cultures showed improved

cell biomass generation and phenolic acids accumu-
lation. Additional sucrose concentration above the
normally used level (30 g/L) enhanced accumulation
of rosmarinic and caffeic acids in the culture medium.
Furthermore, the application of growth regulators and
sucrose in bioreactors could give rise to the commer-
cial production of valuable secondary metabolites,
such as phenolic acids. Further commercially focused
studies are required to investigate the potential of
Salvia plant species for the enhanced production of
phenolic acids through elicitation, precursor feeding
and metabolic engineering which is of potential
research and development value in the field of
secondary metabolites.
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