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Influence of plant growth regulators and salicylic acid on the
production of some secondary metabolites in callus and cell
suspension culture of Satureja sahendica Bornm.

Abstract: The impact of combinations of plant growth
regulators (PGRs) on callus culture of Satureja sahendica
Bornm. was investigated. In nodal explants, the response of
secondary metabolite production to different concentrations
of PGRs was analyzed regarding the presence and absence of
polyvinylpyrrolidone (PVP). The explants were cultured on
MS media in presence of auxins (2,4-dichlorophenoxyacetic
acid and naphthylacetic acid) and cytokinins (thidiazuron
and kinetin); which were used in equal concentrations of 0.5,
1, and 2 mg 1. The treatment of 2 mg 1" 2,4-D + 2 mg 1" Kin
(MD3) led to the highest production of total phenolics (4.303
+ 0.449 mg GAE g') and flavonoids (24.903 + 7.016 mg QE
g!'). Moreover, the effect of salicylic acid (SA) on the produc-
tion of secondary metabolites in cell suspension culture of
Satureja sahendica was evaluated. The cell suspension culture
was established by culturing the nodal-derived friable callus
in the liquid medium containing different concentrations of
SA (0, 100, 150, 200 uM). An inverse relationship exists be-
tween the fresh mass and secondary metabolites contents. In
addition, there was a significant difference among concentra-
tions of SA in the production of total phenolics and flavonoid
compounds. SA enhances secondary metabolites production
and decreases cell fresh mass.
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Vpliv rastlinskih rastnih regulatorjev in salicilne kisline na
tvorbo nekaterih sekundarnih metabolitov v kalusu in su-
spenziji celicne kulture vrste Setraja Satureja sahendica Bor-
nm.

Izvlecek: Preucevan je bil vpliv kombinacije rastlinskih
rastnih regulatorjev (PGRs) na kulturo kalusa vrste Setraja Sa-
tureja sahendica Bornm. V nodijskih izseckih je bil preucevan
odziv tvorbe sekundarnih metabolitov na razli¢ne koncentra-
cije PGRs glede na prisotnost in odsotnost polivinilpirolidona
(PVP). Izsecki so bili gojeni v MS gojiscu v prisotnosti auksinov
(2,4-diklorofenoksiocetna kislina in naftilocetna kislina) in ci-
tokininov (tidiazuron in kinetin), ki so bili uporabljeni v enakih
koncentracijah 0,5; 1, in 2 mg I"". Obravnavanje 2 mg I"! 2,4-D
+ 2 mg 1" Kin (MD3) je vodilo k najve¢ji tvorbi celokupnih fe-
nolov (4,303 + 0,449 mg GAE g") in flavonoidov (2,903 + 7,016
mg QE g'). Dodatno je bil ovrednoten ucinek salicilne kisli-
ne (SA) na tvorbo sekundarnih metabolitov v kulturi suspen-
zije celic $etraja. Kultura suspenzije celic je bila vzpostavljena
z gojenjem rahlega kalusa, pridobljenga iz nodijskih izseckov
v teko¢em mediju, ki je vseboval razli¢ne koncentracije SA (0,
100, 150, 200 uM). Pojavilo se je obratno sorazmerje med svezo
maso in vsebnostjo sekundarnih metabolitov. Med razli¢nimi
koncentracijami salicilne kisline ni bilo opaziti znacilnih razlik
na tvorbo celokupnih fenolov in flavonoidov. Salicilna kislina
vzpodbuja tvorbo sekundarnih metabolitov in zmajsuje svezo
maso celi¢ne kulture.

Klju¢ne besede: Satureja sahendica; indukcija kalusa;
kultura suspenzije celic; sekundarni metaboliti; rastni regula-
torji; salicilna kislina
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1 INTRODUCTION

Satureja is an extra-large genus of Lamiaceae:
Nepetoideae and comprises about 200 species of of-
ten aromatic shrubs and herbs distributed in Asia, the
Mediterranean region, and North America. The flora of
Iran possesses 14 species of this genus, 9 of which are
endemic. The members of this genus is widely found
in mountainous areas in Iran (Rechinger, 1982; Jamzad,
1996; Mozaffarian, 1996). Many species of the genus are
traditionally used for curing diseases such as wounds,
muscle pains, diarrhea, nausea, infections, and gastro-
enteritis (Hadian et al., 2012). Like many members of
Lamiaceae, Satureja species are very rich in secondary
metabolites such as flavonoids, phenolics diterpenes,
and phenolic acids, and therefore they have gained at-
tention from researchers for their applications in vari-
ous fields (Ghotbabadi et al., 2012).

Satureja sahendica Bornm., locally known as
“Marze-Sahandi”, is an endemic species of Satureja
in Iran and is distributed in Northwestern and West-
ern regions in East Azerbaijan, Zanjan, and Kurdistan
provinces (Mozaffarian, 1993). This plant is a peren-
nial, branched, bushy, aromatic, and late flowering herb
(Ghahreman, 1988, 1993). Literature reviews show that
39 components were identified in the oil of S. sahen-
dica and the main constituents of the essential oils were
thymol (19.6 - 41.7 %), p-cymene (32.5 - 54.9 %), and
y-terpinene (1.0 - 12.8 %) (Sefidkon et al., 2004; Has-
sanpouraghdam et al., 2009). In recent years, the pres-
ence of several antioxidant compounds in this plant
was reported. Furthermore, some flavonoids such as
derivatives of diosmetin, quercetin, luteolin, and api-
genin were found in this species (Saeidnia et al., 2011;
Hadjmohammadi et al., 2012).

Although a significant amount of research has
been done on the composition of the oil and the chem-
ical and physical characteristics as well as medicinal
properties of this species, tissue culture-related activi-
ties have been limited to some species of Satureja. Actu-
ally, major work has not been done to analyze Satureja
sahendica metabolites. For instance, a study evaluated
antimicrobial and antioxidant activities of the essential
oil from aerial parts of Satureja hortensis L. via callus
culture (Gilliice, 2003). Moreover, the production and
optimization of rosmarinic acid (an important phe-
nolic acid) were investigated in the callus culture of S.
hortensis (Tepe & Sokmen, 2007).

Development of appropriate conditions and tech-
niques for the production of phenolic compounds is
required due to their medical and commercial values
including a range of biological activities such as anti-
bacterial, anti-viral, and anti-cancer (Taveira et al.,
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2010). Previous researches illustrated that plant in vitro
culture is a suitable technique for the production of
valuable metabolites in most plants, and the stimulants
could be applied as physical and chemical stress for the
production of these metabolites as one of the most suc-
cessful strategies (Ravishandera et al., 1999; Dornen-
burg & Knorr, 1995). The production and accumulation
of secondary metabolites in plants is known as a part of
the defense response against pathogenic attacks, which
could be triggered and activated by growth regulators
and elicitors (Zhong et al., 1996; Wang et al., 2004; Al-
Sane et al., 2005; Shilpashree & Rai, 2009). Elicitors, ei-
ther biological or non-biological compounds, increase
the secondary metabolites production by activating the
genes involved in the biosynthesis of these compounds
(Neumann et al, 2009). Salicylic acid (SA) or 2-hy-
droxybenzoic acid, a type of plant phenolics, is an effec-
tive inducer of genes involved in plants’ defense system.
Therefore, SA can effectively induce the enhancement
of secondary metabolites production such as alkaloids,
terpenoids, phenolics, and phytoalexins (Vlot, 2008). It
has been reported that the production of taxol in the
suspension culture of Taxus baccata L. was considerably
increased by SA compared to the control (Khosrousha-
hi, 2006). Salicylic acid caused also a significant increase
in the production of alkaloids in the hairy root culture
of Brugmansia x candida Pers. (Alvarez et al., 2000) and
it likewise enhanced the synthesis of total flavonoids
in the suspension culture of Andrographis paniculata
(Burm.f.) Nees (Mendhulkar, 2013). The application of
SA for the production of curcumin in the Catharanthus
roseus (L.) G.D on cell culture has been also reported
(Matkowski, 2008).

Due to lack of a basic investigation on plant tissue
culture in S. sahendica, and after our last research on the
in vitro production of secondary metabolites of Lalle-
mantia iberica (M.Bieb.) Fisch. & C.A.Mey. as a member
of Lamiaceae (Pourebad et al., 2015), we became inter-
ested to work on tissue and cell culture of this plant
species. Correspondingly, based on our preliminary
accomplished work (Tarigholizadeh et al., 2015), we
aimed to study callus and cell suspension culture condi-
tions and determination of total phenolic and flavonoid
compounds in S. sahendica using different concentra-
tions and combinations of growth regulators and SA.
The present work focuses on the secondary metabolites
production of S. sahendica via callus and cell suspen-
sion cultures and highlights the potential of this plant
species for further pharmaceutical researches.



Influence of plant growth regulators and salicylic acid ... in callus and cell suspension culture of Satureja sahendica Bornm

2 MATERIALS AND METHOD
2.1 PLANT MATERIAL

Seeds of Satureja sahendica Bornm. were obtained
from the Botanical garden of East- Azerbaijan province
in Iran, and were surface-sterilized with 70 % ethanol
for 1 minute, rinsed once with water, followed by 10
minutes immersion in 1 % formaldehyde plus a few
drops of 80 % Tween and interspersed with washings
in sterile distilled water. After that, seeds were sterilized
with commercial hypochlorite solution (20 %) for 10
minutes. After 3 rinses with sterile distilled water, the
seeds were treated with giberellic acid (200 mg 1" for
15 min) for the elimination of the dormancy problem
(Tarigholizadeh et al., 2015). Then, the seeds were culti-
vated on a hormone-free MS basal medium (Murashige
& Skoog, 1962).

2.2 CALLUS INDUCTION

Callus culture was started by nodal explants of in
vitro germinated 30-days-old seedlings of S. sahendica
and were cultured on MS medium supplemented with
different combinations of 2,4-D (2,4-dichlorophenoxy-
acetic acid) and kin (kinetin) as well as NAA (naphthyl-
acetic acid) and TDZ (thidiazuron) in different concen-
trations as presented in Table 1. In order to examine the
effect of polyvinylpyrrolidone (PVP) on callus growth
and secondary metabolites production, we aimed to ap-
ply a distinct set of experiments with the same PGRs
and their combinations mentioned above and 400
ul PVP. Therefore, there were two types and series of
media (each medium: 250 ml) for callus induction:
with the presence of PVP (PVP+) and absence of PVP
(PVP-). The pH value of all media were adjusted at 5.6
- 5.8 with 1 N NaOH prior to adding of agar (8.0 g 1)
and subsequently they were autoclaved for 15 minutes
(121 °C, 104 kPa) and dispensed into glass jars (each
containing 250 ml). Three glass jars containing seven
explants and each were cultured per treatment. For
control groups, we used MS with and without PVP. All
cultures were maintained in the growth room 16 h light
(40 umol m s white cool fluorescence) and 8 h dark
at 23 £ 2°C for four weeks. Then, callus samples were
subcultured once and four weeks later, were collected
for evaluation of the following parameters: callogenesis
percentage, morphological traits and total phenolic and
flavonoid contents.

Table 1: List of MS media supplemented with different
growth regulators for callus induction

Growth regulators (mg 1) Media (-PVP or + PVP)

NAA 0.5+ TDZ0.5 MN1
NAA 1.0 + TDZ 1.0 MN2
NAA 2.0+ TDZ2.0 MN3
2,4-D 0.5 + Kin 0.5 MD1
2,4-D 1.0 + Kin 1.0 MD2
2,4-D 2.0 + Kin 2.0 MD3

2.3 ESTABLISHMENT AND MAINTENANCE OF
CELL SUSPENSION CULTURE

In order to callogenesis for establishing cell sus-
pension culture, callus induction was carried out in
the same above-mentioned way. However, the exerted
PGRs were only 2,4-D and Kin with two different con-
centrations of each (0.5, 1 mg I''). To establish suspen-
sion culture, 0.5 g of healthy and two-month-age callus
tissues were transferred to 50 ml of MS medium with
mentioned PGRs compounds without agar and were
kept on shakers at 110 rpm (revolutions per minute)
and 25 °C in the dark. Cultured samples were subcul-
tured once per three weeks to establish cell lines. In each
subculture, 5 ml of medium containing cells was added
to 45 ml of new medium with the same PGRs. Based on
previous studies and our preliminary researches, differ-
ent concentrations of SA were chosen and their effects
on cultured cells and tissues were examined. For this
propose, 5 ml of cell culture medium was transferred
to 45 ml MS liquid medium containing 0 (control),
100, 150 and 200 pM concentrations of sterilized SA.
Samples were then placed on a shaker (110 rpm, 25 °C)
in darkness for three weeks. Finally, the samples were
collected to examine the influence of different concen-
trations of SA on growth and secondary metabolites
production.

2.4 DETERMINATION OF TOTAL PHENOLIC
AND FLAVONOID CONTENTS

Callus cultures derived from nodal segments using
the different combinations of growth regulators were
dried in oven at 35 °C for 30 h. Then, 0.5 g of dried
callus from each sample was mixed with methanol in
a small glass tube and were put at 25 “C for 40 h. This
procedure was done for each treatment and extracts
and they were centrifuged at 16300 x g for 15 minutes.
The supernatant was separated for measurement of
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total phenolics and flavonoids content. In addition, in
cell suspension culture, cell growth was determined by
measuring the fresh mass (due to low dry mass in cell
suspension culture) and total cell extract was prepared
to measure total phenolics and flavonoids contents.

For the determination of total phenolics content
in callus and cell culture, Folin-Ciocalteu reagent was
used (Singleton et al., 1999). In brief, 100 pl of each ex-
tract was combined with 2.5 ml of distilled water, and
then mixed thoroughly with 100 pl of Folin-Ciocalteu
reagent. After 6 minutes, 150 ul of 20 % (w/v) sodium
carbonate was added and the solution was left at room
temperature for 30 minutes in the dark. The absorbance
of the reaction mixtures was measured at 650 nm. The
results were expressed in the form of gallic acid equiva-
lents (GAE) per gram of dry mass.

The total flavonoids content in callus and cell cul-
ture was estimated by using the aluminum chloride
colorimetric method (Chang et al, 2002). A quantity
of 500 pl of each sample solution was combined with
2.5 ml of distilled water and subsequently with 150 pl
of 5 % sodium nitrite (NaNO,) solution, after 6 min
of mixing, 300 pl of 10 % aluminum chloride (AICL,)
was added and then allowed to stand 5 minutes, fol-
lowed by adding 1000 pl of 1 M NaOH solution to the
mixture. The obtained solution was thoroughly mixed,
after which the absorbance was determined at 510 nm.
The results were expressed as mg quercetin equivalents
(QE) per gram of dry mass.

2.5 STATISTICAL ANALYSIS

All experiments were performed in a completely
randomized design. Each treatment was comprised of
three replicates. A one-way analysis of variance (ANO-
VA) was applied to statistically analyze the data that
was obtained from callus tissues and the means were
compared by Duncan’s Multiple Range Tests (DMRT).
IBM SPSS statistic ver. 22 was used to determine the
significance at p < 0.05.

3 RESULTS AND DISCUSSION
3.1 CALLUS INDUCTION AND MORPHOLOGY

Table 2 shows the effects of PGRs on S. sahendica
nodal explants cultured on MS medium, displaying the
callogenetic and morphologic properties of callus tis-
sues. Shoot formation was also observed during cal-
lus growth, and therefore the percentage of produced
organs by nodal explants was reported (in relation to
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PVP). First callus tissues appeared on nodal explants
after 10 days of culture. However, callogenesis in the
combination of 2, 4-D + Kin occurred one week later.
Callus tissues covered almost all the explants surface
within 30 days. Green-compact and yellowish green-
friable callus tissues were formed by NAA+TDZ and
2, 4-D + Kin groups, respectively. In treatments with 2,
4-D, and Kin, shoot formation was not observed and
high concentrations of these PGRs resulted in a low cal-
logenesis efficiency (Table 2). As expected, the absence
of PGRs in MS and MS + PVP media (control groups)
showed a strong shooting response without production
of any callus tissues, and therefore this group was ex-
cluded from further examination (data not shown). The
PVP application with growth regulators induced a gen-
eral increase in callogenesis (Table 2). Actually, the ad-
dition of PVP to the medium was effective in overcom-
ing the browning of the culture medium and promoted
callogenesis. PVP hydrogen bonds are able to absorb
phenolic substances, and thus reduce their amount in
medium. These substances are released from tissues
and cells into the surrounding medium and their ac-
cumulation may result in decreased rates of growth and
development of cultured materials (Saxena et al., 1986;
Leyser et al., 2003). Similar effects of PVP were also re-
ported by Saxena et al. (1999) and Ogita et al. (2001) in
a bamboo (Dendrocalamus strictus (Roxb.) Nees) tissue
culture. In the current study, S. sahendica nodal mate-
rial was used to test PVP and PGRs effects on in vitro
cultured tissues. As it is shown, NAA + TDZ promoted
callus production with significant shoot formation.
Previous reports revealed that TDZ alone and in com-
bination with NAA strongly promoted compact-green
nodular callus and shoot formation in shrubs (Tarig-
holizadeh et al., 2015, Al-juboory et al., 1998; Murthy,
1998; Thiruvengadam & Chung, 2015).

3.2 THE EFFECT OF PGRS ON CALLUS TISSUES
GROWTH

Our experiments revealed that callus growth of S.
sahendica was strongly affected by type, combination,
and different concentrations of PGRs (Table 3). Statis-
tically significant differences were found between 2,4-
D + Kin and NAA + TDZ treatments. Moreover, cal-
lus growth was also affected by the presence of PVP.
PVP exerted its positive effects on both fresh and dry
mass of callus tissues in PVP+ media (Fig. 1 and Table
3). As shown in Figure 1 and Table 3, we obtained the
highest fresh mass from MN3 and MNI in PVP- and
PVP+ media, respectively. However, there were no sig-
nificant differences among the different concentrations
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Table 2: Effect of different combinations of PGRs on callus induction and morphology in presence (PVP+) or absence (PVP-)

of polyvinylpyrrolidone

Callogenesis %

Callus tissues morphology

Shoot formation %

Media PVP+ PVP- PVP+ PVP+ PVP-

MN1 100 £ 0.00* 90.48 +9.52 Green, Compact 42.86 +0.00° 76.19 +4.76°
MN2 95.24 +4.763 " 100 £ 0.00* Green, Compact 71.43 £0.00* 90.47 £4.76*
MN3 100 +0.00* 100 £ 0.00* Green, Compact 52.38 +12.60° 71.43 + 825"
MD1 100 +0.00 2 100 +0.00 # Yellowish-Green, Friable 0.00 +0.00 ¢ 0.00 +0.00 ©
MD2 71.43 +£0.00 ¢ 90.48 + 9.52 % Yellowish-Green, Friable 0.00 +£0.00¢ 0.00 +£0.00°¢
MD3 90.47 + 4.763 ° 66.67 +17.17° Yellowish-Green, Friable 0.00 £ 0.00 © 0.00 £ 0.00 ©

Data within the two columns (PVP-/PVP+) of each growth parameter, followed by different letters are significantly different at p < 0.05. The data

are presented as means + SE (n = 3)

Figure 1: S. sahendica callus tissues grown on MS medium in the presence (upper row) and in the absence (lower row) of PVP
and with the addition of PGRs. a (MN1), b (MN2), ¢ (MN3), d (MD1), e (MD2), f (MD3)

Table 3: Effect of different combinations of PGRs on callus tissues growth in MS PVP- and PVP+ medium

Fresh mass (mg) Dry mass (mg)

Media PVP+ PVP- PVP+ PVP-

MN1 1.969 + 0.535* 0.848 +0.162 ® 0.118 +0.023* 0.066 + 0.014
MN2 1.966 + 0.393 * 1.354 £ 0.435* 0.130 £ 0.022* 0.096 £ 0.031*
MN3 1.460 £ 0.197 * 1.384 + 0.155* 0.099 £0.017 * 0.094 £0.011*
MD1 0.287 +0.028 ° 0.477 + 0.086 > 0.026 +0.001 ® 0.047 + 0.014 <
MD2 0.334 +£0.026° 0.256 + 0.056 ¢ 0.026 +0.002® 0.022 + 0.003 b
MD3 0.160 +0.02° 0.140 + 0.028 © 0.020 + 0.004 ® 0.011 +0.004 ©

Different letters within two columns (PVP-/PVP+) of each growth parameter represent significant differences among treatments at p < 0.05. The

data are presented as means + SE (n = 3)

of growth regulators within a group. The highest dry
mass was achieved by MN2 in both PVP- and PVP+
media. Once again, there were no significant differences
within a group. As an obtained result, the presence of
NAA and TDZ in the medium improved the growth of
callus tissues. These result regarding all other examined
growth parameters reinforced the findings of our previ-

ous work where the effects of the PGRs and PVP were
observed on callus relative growth rate (RGR) (Tarig-
holizadeh et al., 2015). Correspondingly, Ali et al. (2013)
reported that NAA in combination with TDZ was more
effective for callus formation of Artemisia absinthium
L. than other combinations of PGR. They achieved the
highest callogenesis frequency (83.3 %) and maximum
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callus biomass (FW: 132 gl') on MS medium supple-
mented with 1 mg I'' NAA + 1 mg ' TDZ. Similarly,
the dry mass showed the highest amount in 1 mg 1" of
both NAA and TDZ in callus of S. sahendica, although
varying this concentration resulted in the reduction of
dry mass. Previously, decrease in callogenic responses
or mass production has been observed using 2,4-D in
combination with Kin (Jeong et al., 2007; Hakkim et al.,
2007; Johnson et al., 2011; Walla Abdelazeez et al., 2017).
Thus, combination of 2, 4-D and Kin is not appropriate
for the induction of callus tissues in nodal explants of S.

sahendica compared with NAA + TDZ group.

3.3 THE EFFECT OF PVP AND PGRS ON PHENO-
LIC COMPOUNDS PRODUCTION IN CALLUS
TISSUES

The present study shows that total phenolics con-
centration depends on the type and combination of
PGRs in the culture medium. Accumulation of phenolic
compounds indicated differences between two groups of
growth regulators used in this study. As can be seen in
Figures 2 and 3, media containing 2, 4-D + Kin not only
stimulated a high accumulation of total phenolics, but
also enhanced flavonoid contents. Based on the results,
MD3 medium maximized the amount of these com-
pounds in both PVP- (the highest amount for flavonoids:
24.903 +7.016 mg QE g') and PVP+ (the highest amount
for total phenolics: 4.303 + 0.449 mg GAE. g') media. It
should be noted that along with PGRs, PVP may play a
significant role in production of total phenolics. Based on
the obtained results, PVP nearly improved the amounts
of total phenolics and flavonoids, except for 2,4-D + Kin
treatment, which accumulation of flavonoids decreased
along with the presence of PVP (Fig. 2 and 3). Similarly,
Rani and Nair (2006) reported that PVP has an effect on
Vitix negundo L. callus organogenesis. They suggested
that this might be due to PVP ability to bind phenolics
and some toxic substances. In addition, high production
of isoflavones and growth index were achieved in callus
culture of Genista plants after addition of PVP to MS me-
dium (Luczkeiwicz & Glod, 2003). Previously, enhanced
phenolic compounds accumulation by the combination
of 2, 4-D, and Kin was also observed in Ocimum sanctum
L. (Hakkim et al., 2011). Furthermore, the highest accu-
mulation of withanolide A was showed in MS medium
containing 2,4-D (9.05uM) and Kin (2.32uM) in cell
suspension cultures of Withania somnifera (L.) Dunal
(Sivanandhan et al., 2013). Also, Han et al. (2012) have
obtained the highest amounts of rutin and GABA via in-
cubation of the immobilized Morus bombycis Koidzumi
cells in a full-strength MS liquid medium containing 1
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mg 1" of 2,4-D and 0.1 mg 1" Kin. Based on former re-
ports, maximum production of phenolic compounds was
obtained from the active growing cells (Fu et al., 2005;
Antonigni et al., 2007). In most cases, secondary prod-
ucts accumulation was promoted at the end of rapid cell
division in the growth cycle. However, in some of the cell
culture systems, the production of secondary metabolites
did not follow a parallel way with the cell growth (James
et al.,, 2008) and the production occurred along with low
growth. In the present study, as shown in Figures 1 and
2 and Table 3, an opposite relationship between growth
and secondary products formation was found in NAA +
TDZ and 2,4-D + Kin groups. According to our results, it
can be deduced that the type of PGRs was more effective
than other parameters for the production of total pheno-
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Figure 2: Content of total phenolics (mg GAE. g*) in callus
tissues of S. sahendica affected by different combinations
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(n=3)

a

ab .
h |
b b b ; gl wpvp.
be i
LI § o . — I WPVPs
10
04
MN1 MN2 MN3 MDL MD2 MD3
Media

Figure 3: Content of flavonoids (mg QE. g*) in callus tissues
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lic compounds. Similarly, a reverse correlation between
rosmarinic acid (RA) accumulation and callus growth
was reported in the callus culture of Satureja hortensis L.
(Tepe & Sokmen, 2007). Based on these results, RA ac-
cumulation and growth relationship is anthocyanin type
and phenolic compound accumulation enhanced in the
stationary phase of cell growth.

We suggest that the presence of 2,4-D in media is
most likely more responsible for the above-mentioned
opposite relationship. As it can be seen in Table 2, ap-
plication of 0.5 mg I"! of both 2,4-D and Kin in medium
resulted in a 100 % callogenesis in presence and absence
of PVP and callus formation percentage showed a sig-
nificant reduction in high concentrations of these two
PGRs. Actually, 2, 4-D as an auxin is commonly used
as an herbicide, especially for broadleaf weeds control
(WHO, 1989; US EPA, 2005b; Tomlin, 2006). It owns
herbicidal and lethal effects at high concentrations, and
this function probably causes the production of higher
concentrations of secondary metabolites by explants in
culture media.

3.4 THE EFFECT OF SA AND PGRS ON CELL
GROWTH

The mean comparison of cells’ fresh mass indicated
a significant difference among the different concentra-
tions of SA and control samples. Higher concentrations
of SA reduced cell fresh mass. According to the data pre-
sented in Table 4, the highest (304.67 + 3.48%) and the
lowest (148 + 3.76°) amount of fresh mass in the liquid
media were obtained by 100 uM (1 mg1"' 2,4-D + 1 mg 1"

Kin) and 200 uM of SA (0.5 mg1* 2,4-D + 0.5 mg "' Kin),
respectively. The treated cells with SA showed a higher
amount of fresh mass in 1 mg 1" 2,4-D + 1 mg I"' Kin
compared to 0.5 mg 1" 2,4-D + 0.5 mg | Kin (Table 4). It
should be noted that due to proper and adequate growth
of callus tissues derived from MS media containing 0.5
and 1 mg 1" of 2,4-D and Kin; these treatments have been
chosen for further examination.

3.5 THE EFFECT OF SA AND PGRS ON PHENO-
LIC COMPOUNDS IN CELL SUSPENSION

CULTURE

According to the variance analysis and the results
of phenolics and flavonoids assessment in control and
treated samples with different concentrations of SA in
cell suspension culture, there was a significant differ-
ence among treatments at both concentrations of 2,4-D
+ Kin in nodal explants of S. sahendica. Total phenolics
and flavonoids content was enhanced by increasing the
concentrations of SA, but this increase was not linear
and the amount of total phenolics was reduced by high
concentrations of SA. The highest and the lowest total
phenolics content were obtained by 150 uM SA (2.1 £
0.22 mg GAE g*) with 0.5 mg ! 2,4-D + 0.5 mg 1" Kin
and control treatment (0.78 + 0.007 mg GAE g') with 1
mg 1! 2,4-D + 1 mg I Kin, respectively (Fig. 4 and 5).
On the other hand, there was no significant difference
among different concentrations of SA, except for the con-
trol treatment (Fig. 4). According to Table 3, the highest
(358.6 £ 0.00 mg QE g') and the lowest (70.88 + 0.47 mg
QE g') production of flavonoids were obtained by 150

Table 4: Effect of different combination of PGRs and SA on cell fresh mass in suspension cell culture of Satureja sahendica

PGRs treatments

Elicitor concentrations

2,4-D + Kin (mg1") Salicylic acid (uM) Fresh mass (mg)

0.5:0.5 Control 175+ 1.76°
100 266 + 4.62°
150 186.67 + 6.96°
200 148 +1.73¢

1:1 Control 185.33 + 2.96°
100 304.67 + 3.48°
150 283.67 £ 3.18"
200 158 + 4.04¢

Different letters within the same column represent statistically significant differences among treatments at p < 0.05
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uM of SA and control treatment with 0.5 mg I (2,4-D
+ Kin), respectively. No significant difference was found
among different concentrations of SA in both concentra-
tions (0.5 and 1 mg1") of 2,4-D + Kin (Fig. 6).
Investigation of SA effects on total phenolics and
flavonoids contents in suspension culture of nodal-
derived callus tissues of S. sahendica showed that these
parameters were increased by 100 to 150 pM of SA and
decreased by enhancement in SA concentration to 200
uM. Presumably, reduction in total phenolics and fla-
vonoids contents in 200 pM of SA can be caused by
the limited ability of cells in response to stresses or
reduced enzymes activity. The maximum amount of
phenolics and flavonoids content was obtained by 150
uM of SA and the flavonoids and total phenolics were
2 and 5 times more than the control group, respectively
(with 0.5 Kin + 0.5 2,4-D). Interestingly, with a further
increase in the SA concentration, not only the increas-
ing in accumulation of total phenolics and flavonoids
was not achieved, but also the accumulation process of

these parameters was declined.

Similar to our results, Esmaeilzadeh Bahabadi and
Rezaei (2014) using cell culture of Trigonella foenum-
graecum L. showed a significant reduction in cell growth
with the increasing concentrations of SA. Thus, higher
concentrations of SA have a detrimental effect on plant’s
oxidative condition and eventually cause plant death

Figure 4: Comparison of total phenolics and flavonoids
content after treatment with different concentrations of SA
(0, 100, 150, and 200 pM, left to right) in cell suspension of S.
sahendica. Upper row: Callus tissues grown on MS medium
containing 1 mg 1" 2,4-D + 1 mg 1! Kin. Lower row: callus
tissues grown on MS medium containing 0.5 mg 1" 2,4-D +
0.5 mg 1! Kin
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Figure 5: Content of total phenolics (mg GAE. g") in cell
suspension culture of S. sahendica after treatment with differ-
ent concentrations of SA in MS medium containing different
combinations of 2, 4-D + Kin. The results are presented as
means + SE (n = 3)

(Kovacik, 2009). They also reported that total phenolics
content was increased by 50 mg 1* SA. Due to an inverse
relationship between growth and accumulation of sec-
ondary metabolites, the inhibition of cell growth by SA
might induce the synthesis of secondary metabolites.
Because precursors of secondary metabolite biosynthe-
sis originate from the primary metabolism, under severe
stress the primary metabolism changes to the second-
ary metabolism and the necessary resources are diverted
from development to defense (Harfouche et al., 2008).
Moreover, total phenolics and flavonoids contents were
increased by different concentrations (0, 50, 100, 200,
and 250 uM) of SA in Cynara scolymus L. (Samadi et al.,
2014) and by the increasing concentration of SA up to
100 uM, total phenolics and flavonoids contents showed

400
M (0.5 mg ') 24D +Kin
€ W (1mgl")24D+Kin

a
350
300 2
250 b c
200 '
150
100
50 L
0

a
Control 100 150 200

Flavomolds {mg QF. g')

Salicylic acid (pM)

Figure 6: Content of flavonoids (mg QE. g) in cell suspen-
sion culture of S. sahendica after treatment with different
concentrations of SA in MS medium containing different
combinations of 2, 4-D + Kin. The results are presented as
means + SE (n = 3)
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a significant increase. These results are in agreement
with the findings of the present work. They also reported
that the changes of phenylpropanoid compounds were
positively correlated with phenylalanine ammonia lyase
(PAL) activity, and total phenolics and flavonoids content
was also increased by PAL increased activity (Samadi et
al,, 2014). The effects of different elicitors on polyphenols
content and activity of other polyphenol-related enzymes
were also studied. For instance, shikimate dehydroge-
nase (SDH), tyrosine ammonia lyase TAL, cinnamate-
4-hydroxylase (C4H), 4-coumarate/coenzyme A ligase
(4-CL), and dihydroflavonol 4-reductase (DFR) were
activated by elicitors such as SA and methyl jasmonate
(Ruiz-Garcia and Encarna Gomez-Plaza, 2013; Kim et
al.,, 2020). Interestingly, the activity of PAL was directly
related to the concentration of SA, so that the PAL activ-
ity changes were similar to total phenolics and flavonoids
accumulation via increasing the amount of SA. The pre-
vious reports have suggested that the amount of pheno-
lics and flavonoids was strongly influenced by PAL en-
zyme activity (Sun et al., 2012; Ruiz-Garcia and Encarna
Gomez-Plaza, 2013). SA, as a stress-inducing compound,
activates the signaling pathway of PAL, subsequently,
PAL results in activation of the phenylpropanoid pathway
and increasing the production of phenolic compounds
by increasing the transcription of specific mRNA, in
which these compounds counteract the induced stress.
Elicitors, such as SA and methyl jasmonate, play an im-
portant role in the signaling process which induces the
biosynthesis of phenolic compounds and expression of
plant defense genes (Wen et al., 2004; Wang et al., 2009).
Exposure to elicitors may lead to an increase in the con-
tent of defense related compounds such as total pheno-
lics, flavonoids and phytoalexins. This might be due to
an increase in the expression levels of responsible genes
for the biosynthesis of these metabolites. Similar to our
results, Sadeghian et al. (2013) reported that in Satureja
khuzistanica Jamzad polyphenol oxidase and superoxide
dismutase enzymes activity as well as total protein con-
tents of SA (0, 50, 100, 200, and 400 mg 1"'). Moghadam
et al. (2013) found that the application of SA (125, 250,
500 mmol) in suspension culture of Portulaca oleracea
L. hairy roots increased dopamine production with the
highest amount at the concentration of 250 mM. Moreo-
ver, flavonoid content was enhanced by the application of
SA (0.05,0.5, 1, and 1.5 mM) in the suspension culture of
Andrographis paniculata (Matkowski, 2008). The studies
about the effect of SA concentration (1, 1.5, 2 mM) on
stimulating of Cicer arietinum L. immune system showed
that this plant quickly responds to 1.5 mM of SA, and
polyphenol oxidase activity increases in this concentra-
tion (Rajjou et al., 2006). Despite decreasing total phe-
nolic contents at higher concentrations, increasing above

mentioned concentration (1.5 mM) was reported. These
results show that exposure to 1.5 mM of SA is harmless
for plants and this concentration may induce the chemi-
cal defense response. However, treatment of samples
with 2 mM SA caused phytotoxicity, which in turn might
lead to low production of phenolic compounds (War et
al,, 2011). These findings are in fair agreement with the
findings of current work. Also, it has been reported that
the high concentration of SA induces hypersensitivity
response that leads to cell death, while low concentra-
tions of SA induces immune response (Namadeo, 2007).
Therefore, the increased production and accumulation
of phenolic compounds and flavonoids which found in
S. sahendica suspension culture can be attributed to the
induceded defense responses with SA.

4 CONCLUSION

In the present study, the culture medium for cal-
lus induction from nodal explants of Satureja sahendica
was optimized. Furthermore, the production of some
secondary metabolites in the obtained callus tissues
were determined. It was found that callus growth and
secondary metabolites production of S. sahendica was
strongly affected by type, combination, and different
concentrations of PGRs and statistically significant dif-
ferences were found between 2,4-D + Kin and NAA +
TDZ treatments. Moreover, the media containing 2, 4-D
+ Kin stimulated the production of both total pheno-
lics and flavonoid compounds. Along with PGRs, PVP
was generally an effective component in improvement
of the studied parameters. In addition, the impact of
SA on the accumulation and biosynthesis of secondary
metabolites by cell suspension cultures of S. sahendica
was also investigated. Based on the obtained results, SA
can be used as a stimulant to improve the amount of
phenolic compounds in the cell suspension cultures of
this plant under controlled conditions.
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