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Abstract For the purpose of enhancing the secondary
metabolite content in micropropagated Stevia rebaudiana
plants without inhibiting plant growth, node explants were
cultured on woody plant medium (WPM) containing algi-
nate (ALG), casein hydrolysate (CH), pectin (PEC), yeast
extract (YE), methyl jasmonate (MeJA), salicylic acid
(SA), or chitosan (CHI). The highest shoot number; shoot
length, node number, and leaf number; leaf length; and
stem diameter were observed on WPM containing 1.0 g/L.
YE; 100 pM CHI; 0.5 g/L CH; and 1.0 g/ ALG, respec-
tively. The root regeneration frequency reached 100 % on
WPM supplemented with 0.5, 1.0, or 2.0 g/L PEC, 1.0 g/L
YE, or 50 uM CHI and the control. The highest root
number was obtained on WPM containing 0.5 g/L. PEC,
while the longest root length was observed on WPM con-
taining 1.0 g/l YE. The highest biomass accumulation was
observed with treatment of 100 uM CHI. According to the
high-performance liquid chromatography results, except
for the treatments with 200 uM CHI, 100 or 200 uM
MelJA, and 200 M SA, the remaining elicitor treatments
increased stevioside production compared to the control.
The production of stevioside increased from 1.56 mg/g dry
weight (DW) to 14.69 and 14.54 mg/g DW in the in vitro
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plantlets exposed to 0.5 g¢/L ALG and 2.0 g/L YE,
respectively. Rebaudioside A was observed on only 0.5 g/L
ALG-treated plants as 0.55 mg/g DW. The stevioside
content of field-grown plants was identified as 15.06 mg/g
DW. The present findings provide important information
regarding the effect of elicitors on plant growth and sec-
ondary metabolite production of in vitro micropropagated
S. rebaudiana.
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Introduction

Stevia rebaudiana belongs to the family Asteraceae and is
native to Paraguay. Its leaves contain about thirty-four
steviol glycosides (SGs) (Ceunen and Geuns 2013). Of
those, the four major SGs are stevioside, rebaudioside A,
rebaudioside C, and dulcoside A. The sweetness of those
compounds relative to sucrose is 210, 242, 30, and 30
times, respectively (Brandle and Rosa 1992). As stevia has
no carbohydrates or fat, it is an excellent alternative calo-
rie-free sweetener (Singh and Rao 2005). Stevioside has
the ability to reduce blood glucose levels in patients with
Type II diabetes and mildly reduce blood pressure in
patients with hypertension (Humphrey et al. 2006). More-
over, Stevia-based natural sweeteners is also an excellent
sugar substitute in foods such as confectioneries, fruit jui-
ces, jams, biscuits, chocolates, vegetables and other food
stuffs (Singh and Rao 2005).

The amount of SGs is influenced by the genotype,
propagation methods, environmental conditions, and
agronomic practices (Brandle and Rosa 1992). Plant tissue

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11240-016-1049-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11240-016-1049-7&amp;domain=pdf

290

Plant Cell Tiss Organ Cult (2016) 127:289-300

culture techniques can provide the production of plantlets
which are genetically uniform and have homogeneous
secondary metabolite content within a short time under
controlled physical conditions. Hence, a more pre-
dictable and stable secondary metabolite content can be
obtained using these techniques. Despite these advantages
of plant tissue culture, the commercially production of
plant secondary metabolites using in vitro technology
remained limited to shikonin, paclitaxel, resveratrol, arte-
misinin, ginsenosides and ajmalicinin (Yue et al. 2014).
Thus, various tissue culture techniques are developed to
enhance the yield of secondary metabolites. One of the
most common applications for this purpose is the use of
elicitors (Sivanandhan et al. 2013).

Elicitors are compounds triggering the formation of
secondary metabolites, which have been widely used for
the overproduction of secondary metabolites in in vitro
plant cultures (Dornenburg and Knorr 1995; Ramakrishna
and Ravishankar 2011; Murthy et al. 2014). The most
common elicitors used for the enhancement of secondary
metabolite production in plant tissue culture studies are
alginate (ALG), casein hydrolysate (CH), pectin (PEC),
yeast extract (YE), methyl jasmonate (MeJA), salicylic
acid (SA), and chitosan (CHI) (Xu et al. 2015). Elicitors
can be classified according to their origin as biotic and
abiotic compounds. Plant hormones (SA, jasmonates, etc.)
may be also considered as elicitors. CHI, ALG, PEC, and
YE are biotic elicitors, and they have a biological origin.
CHI and ALG originate from the cell wall components of
microorganisms, while PEC derives from plant cell walls.
They are signaling molecules within the elicitation path-
ways and can induce a similar plant defense response to
pathogens or herbivore infections (exogenous elicitors). In
some cases, they are released from the attacked plant
through the enzymes of the pathogen (endogenous elici-
tors) (Angelova et al. 2006; Baenas et al. 2014; Gadzovska
Simic et al. 2014). YE is a complex biological preparation
(containing several components), and although the molec-
ular structures of the active ingredients are unknown, it can
elicit plant defense responses (Angelova et al. 2006; Bae-
nas et al. 2014). Signal molecules, such as jasmonates
[jasmonic acid (JA) and MeJA] and SA, induce a plant’s
defense responses to pathogens and insects. Although jas-
monates both accumulate and are produced in plants, the
exogenous application of JA and SA has been shown to
elicit secondary metabolite accumulation caused by the
induction of a defense response (Rhee et al. 2010; Sharma
et al. 2015). To aid in the growth and development of
excised tissues and promote cell growth, and the produc-
tion of secondary metabolites, CH could be added to the
medium. The most likely cause of the enhanced cell growth
by CH is the effects of one or more of the amino acids in
the protein hydrolysate (Li and Zhang 2006).
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High number of papers has been published about the pro-
duction of SGs in in vitro stevia cultures, but the results
obtained by these studies remain highly contradictory. While
some researchers reported little or no SGs in the callus culture,
suspension culture (Bondarev et al. 2001; Mathur and She-
khawat 2013), etiolated in vitro regenerants, callus culture
grown in the light, etiolated heterotrophic callus (Ladygin
et al. 2008), hairy root culture (Yamazaki and Flores 1991;
Pandey et al. 2016), in vitro root culture (Reis et al. 2011) of S.
rebaudiana, some researchers identified SGs in leaf-derived
callus cultures (Sivaram and Mukundan 2003), salts (NaCl
and Na,COs), proline or polyethylene glycol treated callus
and suspension culture (Gupta et al. 2014, 2015). On the other
hand, it has been reported that in vitro shoots of S. rebaudiana
have the ability to produce SGs (Yamazaki and Flores 1991;
Bondarev etal. 2001; Aman etal. 2013; Dey et al. 2013; Singh
et al. 2014). The effect of CH and YE on the in vitro shoot
multiplication of S. rebaudiana (Sridhar and Aswath 2014)
and the effect of CH on the accumulation of stevioside and
rebaudioside A in the callus culture of S. rebaudiana have
been described (Hsing et al. 1983). However, to the best of our
knowledge, there is no information concerning the composi-
tion of stevioside and rebaudioside A in the in vitro shoots
grown on elicitor-supplemented media.

It is well known that SGs synthesis occurs exclusively in the
mesophyll cells of S. rebaudianaleaves; with all the steps up to
kaurene occurring in plastids, one of the 2 oxidation steps takes
place on the surface of the endoplasmic reticulum, and the
glycosylation takes place in the cytoplasm (Brandle et al. 2002;
Brandle and Telmer 2007). Chloroplasts are vital in precursor
synthesis; hence, tissue such as roots and lower stems, which
contain no chlorophyll, contain little or merely trace amounts
of glycosides (Singh and Rao 2005). SGs are also found in the
stems and flowers, but to a lesser degree (Ceunen and Geuns
2013). Because of this reason, in the present study, in vitro-
grown whole plantlets were used for increasing the production
of SGs. Studies regarding the increasing of SGs contents in
whole in vitro plantlets of S. rebaudiana without the adverse
effect on the plantlets’ growth are of great importance. The aim
of the present study was to increase stevioside and rebau-
dioside A production in in vitro-grown plantlets by supplying
different elicitors in the medium, to get information about the
effect of these elicitors on the growth of in vitro plantlets, and to
determine the optimal treatment both secondary metabolite
production and plant growth.

Materials and methods

Plant materials

In vitro propagated plantlets, which were obtained from
single seed descent seedlings, of S. rebaudiana Bertoni in
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the Bioengineering Department of Ege University were
used as the plant material.

Preparation of elicitors

YE, CH, PEC, and ALG (Sigma Aldrich) were dissolved
with double distilled water and the pH of the elicitor
solutions was adjusted to 5.8. The MeJA and SA (Sigma
Aldrich) were dissolved in 96 % ethanol and the solutions
were then diluted with double distilled water in concen-
trations as required. Finally, the pH of both solutions was
adjusted to 5.8. Stock solution of CHI (from crab shells)
was prepared in 2.0 mL of 1 % (v/v) acetic acid (Sigma-
Aldrich) by stirring with a glass rod and then diluted with
double distilled water. Finally, the pH of the solution was
adjusted to 5.8.

The stock solutions of ALG, MeJA, SA, and CHI were
filter-sterilized through a 0.22 pm syringe Millipore fil-
ter (Minisart®, Sartorius, Germany), and then added to
the autoclaved WPM aseptically at the desired concen-
trations. The stock solutions of PEC, YE and CH were
added to the media at the desired concentrations before
autoclaving at 121 °C for 15 min. In the present study,
ALG, CH, PEC or YE at the concentrations of 0.5-2.0 g/
L and CHI, MeJA or SA at the concentrations of
50-100 uM were added individually in semi-solidified
WPM as elicitors.

Elicitor treatment and culture conditions

The node explants with an axillary buds (1.0-1.5 cm in
length) were cultured in glass tubes (23/24 x 140 mm,
Lab Associates b.v., Oudenbosch, The Netherlands)
containing 10 mL of woody plant medium (WPM;
Lloyd and McCown 1980) supplemented with ALG, CH,
PEC or YE at the concentrations of 0.5-2.0 g/ and
CHI, MeJA or SA at the concentrations of 50-100 pM,
3 % (w/v) sucrose and solidified with 0.65 % (w/v) plant
agar (Duchefa Biochemie B.V., The Netherlands) (pH
5.8).

The experiments were conducted in triplicate with ten
explants in each replication. Thirty explants were tested
in total per treatment. All of the cultures were main-
tained in a growth room at 25 £ 1 °C under a cool white
fluorescent light (50 pmol/m” s) for a light/dark pho-
toperiod of 16:8.

After 4 weeks of treatments, all of the plantlets were
harvested, and divided into leaves, roots, and stems to
identify the fresh biomass weights of each replication.
After freeze drying, dry weights (DWs) for each applica-
tion were determined. After that, the stevioside and
rebaudioside A contents were investigated using a high-
performance liquid chromatography (HPLC).

Stevioside and rebaudioside A analysis

The leaves of 4 week-old S. rebaudiana plantlets grown on
WPM supplemented with elicitors or control plantlets were
collected and the content of stevioside and rebaudioside A
was analyzed using HPLC.

Chemicals

HPLC-grade acetonitrile and methanol were purchased
from Merck (Darmstadt, Germany). The ultrapure water
was provided from an in-house ultrapure water system
(Sartorius Arium 611, Sartorius Stedim Biotech, Gottingen,
Germany).

HPLC sample preparation

The leaf samples, approximately 50 mg, were sonicated 3
times with 5 mL of methanol for 20 min. The clear extracts
were combined and diluted with methanol to 20 mL. Prior
to HPLC analysis, the samples were filtered through a
0.45 pum PTFE filter (Sartorius AG, Goéttingen, Germany)
to remove any undissolved particles.

Liquid chromatography with photodiode array
detection analysis

Liquid chromatography with photodiode array detection
(LC-DAD) analyses were performed with a Thermo Sur-
veyor Plus HPLC instrument (Thermo Scientific, Bremen,
Germany), equipped with a quaternary pump, an
autosampler, a column oven, and a diode array detector.
For all of the separations, a Teknokroma RP C18 column
(250 x 4.6 mm, particle size 5 pm, Teknochroma, Barce-
lona, Spain) was used. Liquid chromatography separations
were carried out using the following solvents: ultrapure
water (A) and acetonitrile (B) and the gradient elution was
performed as: O—1 min 65A/35B, for 4 min to 63A/27B,
for 2.5 min to 60A/40B, 0.5 min to 5A/95B and kept at that
composition for 3 min and changed to initial ratios (65A/
35B) of method in 1 min. Prior to the next injection, the
column was equilibrated for 3 min at the beginning con-
ditions (65A/35B). The flow rate was 1 mL/min and the
column temperature was 40 °C. Detection was performed
at 210 nm and the UV spectra of all of the samples were
scanned between 200 and 360 nm.

Quantifications of stevioside and rebaudioside A were
carried out using calibration curves generated by a SG
mixture which contained 50 % rebaudioside A and 36 %
stevioside by mass. These percentages were determined
according to the relative peak areas of the SGs based on the
LC-DAD signals. The retention time of rebaudioside A was
5.75 min and stevioside was 6.15 min. The calibration
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curve for rebaudioside A was constituted with standard
solutions between 1000.000-15.625 pg/mL and
720.00-11.250 pg/mL  for stevioside. The regression
coefficient of the calibration curve for rebaudioside A was
0.998 and the formula was peak area of rebaudioside
A = 8000.76 x rebaudioside A concentration (ug/mL).
Similar to rebaudioside A, the regression coefficient of
stevioside was 0.998 and the formula was peak area of
stevioside = 7850.76 x stevioside concentration (png/mL).

Statistical analysis

Observations were recorded 4 weeks after the culture ini-
tiation. The experiments were arranged in a completely
randomized design, and all of the treatments were repli-
cated in triplicate, each with ten explants. The statistical
analysis of the data on various parameters was subjected to
Statistical Package for the Social Sciences Version 16.0
(SPSS Inc., Chicago, USA). The significance of the dif-
ferences among the means was determined using the Stu-
dent-Newman—Keuls test at P = 0.05.

Results and discussion
Effect of elicitors on in vitro shoot growth

The stevia plant has bilateral nodes. After approximately
3 days of node culture, generally, 2 shoots emerge from
these nodes when plant growth regulators (PGRs) are not
used. In the present study, since the PGRs were not used,
the node explants exhibited nearly 2 shoots with all of the
applications except with 200 uM CHI; 50, 100 and
200 uM MeJA, and 100 and 200 pM SA. The highest
shoot number (3.9 shoots per explant) was observed on
WPM containing 1.0 g/L YE (Table 1). The shoot number
results were statistically significant close to each other
except with 200 uM CHI; 50, 100 and 200 pM MelJA, and
100 and 200 pM SA treatments (Table 1).

The shoot length per explant showed a considerable
variation, which ranged between 0.78 cm (200 uM SA)
and 14.72 cm (100 uM CHI) (Table 1). In general, the
shoot growth with treatments of ALG, CH, PEC, YE, CHI,
and the control was better than those treated with MeJA
and SA (Table 1).

The node number per explant is a significant factor for
the proliferation rate, when the target is micropropagation.
Therefore, the mean number of nodes per explant was
recorded as well. With 100 pM CHI, the highest node
number (10.70 nodes per explant), and in parallel with this
the highest leaf number (23.40 leaves per explant), were
recorded (Table 1). In addition, the longest leaf length
(1.02 cm) was obtained with 0.5 g/L of CH treatment
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followed by 0.5 and 2.0 g/L. of PEC treatments. Further-
more, WPM supplemented with 1.0 g/LL ALG gave the best
response regarding the stem diameter per explant (0.90 cm
per explant).

In the present study, with progressively increasing
MeJA concentrations in the WPM, the MeJA treatments
did not support shoot growth after 2 weeks of in vitro
culture. More specifically, with the concentrations of 100
and 200 pM, the shoots turned brownish and did not con-
tinue development into a healthy shoot. Due to leaf
necrosis, the stevioside and rebaudioside A analysis could
not be performed at these concentrations. The culture of the
explants on SA resulted in the development of very thin
and short shoots with short internodes and small leaves.
Therefore, MeJA and SA treatments were found to be
unsuitable for the aim of the present study.

Table 2 shows the effect of the elicitors on root for-
mation. Except for the treatments with MeJA, a high per-
centage of root formation (60—100 %) occurred with the
remaining treatments. The regeneration percentage reached
100 % on the WPM supplemented with 0.5, 1.0, and 2.0 g/
L PEC; 1.0 g/L YE; 50 uM CHI; and the elicitor-free
WPM (Table 2). Adding MeJA to the media decreased the
not only shoot formation but also root formation. The
highest root number (6.13 roots per explant) was observed
with 0.5 g/L. PEC treatment followed by 1.0 g/L YE, 1.0 g/
L ALG and 100 pM CHI treatments. No statistical differ-
ences was observed between 1.0 and 0.5 g/L YE treatments
with regard to root length and. The longest root length was
obtained with these treatments as 7.04 and 6.60 cm,
respectively.

Effect of elicitors on biomass accumulation

The fresh and dry weights of the leaves, stems, roots and
shoots/plantlets (leaves + stems + roots) were evaluated
separately, and the results are shown in Table 3. Different
responses were observed among the treatments in terms of
fresh and dry weights. In parallel with the highest number
of leaves, the highest leaf fresh (112.0 mg per explant) and
dry (11.3 mg per explant) weights were also observed with
100 pM CHI treatment followed by 1.0 g/LL ALG and, 50
and 200 uM CHI treatments. All of the concentrations of
CHI and 1.0 g/ ALG were statistically significant close to
each other with regard to leaf dry weight.

Although the highest shoot length was obtained with
100 uM CHI, the highest stem fresh (232.8 mg per
explant) and dry (26.6 mg per explant) weights were
observed with 1.0 g/l ALG due to the formation of the
highest stem diameter (0.90 cm/explant) per explant. Even
though the highest root induction, root number per explant,
and root length per explant were not observed with 100 pM
CHI, this treatment resulted in the highest fresh (146.8 mg
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Table 1 Effect of different type and concentrations of elicitors on in vitro shoot growth of Stevia rebaudiana after 4 weeks of culture

Concentrations

Shoot number per

Shoot length

Node number per

Leaf number per
explant (£SE)

Leaf length
(cm) (£SE)

Stem diameter
(cm) (£SE)

of elicitors explant (£SE) (cm) (£SE) explant (£SE)
Control

0 1.97 4+ 0.09% 10.15 + 0.40°¢  8.03 + 0.25™
ALG (g/L)

0.5 2.17 + 0.18% 10.35 4+ 0.46™¢  6.43 + 0.39%

1.0 2.50 4 0.16° 11.11 &+ 0.57*  8.63 + 0.35"

2.0 3.20 + 0.29° 8.14 4+ 0.56%"  7.30 + 0.47°¢
CH (g/L)

0.5 1.73 + 0.08% 9.74 + 0.34%4 437 + 0.22%"

1.0 2.07 £ 0.17% 732 +£052¢0 547 £ 0.46°"

2.0 1.77 + 0.09% 937 4 0.51°% 537 £ 0.29°
PEC (g/L)

0.5 1.97 + 0.03% 10.71 & 0.31% 543 4+ 0.23°f

1.0 1.93 + 0.05% 9.62 + 038" 5.13 + 0.23°

2.0 1.60 + 0.09% 12.85 &+ 048"  6.20 & 0.329f
YE (g/L)

0.5 1.83 & 0.07% 9.03 & 0.57°% 593 + 0.41%f

1.0 3.90 &+ 0.35% 7.06 + 0.66° 6.60 + 0.42%

2.0 1.83 & 0.12% 8.06 + 0.51%f  4.80 + 0.29%"
CHI (uM)

50 1.70 + 0.14% 13.83 + 0.83" 877 + 0.41°

100 1.83 &+ 0.10% 14.72 + 0.65*  10.70 + 0.57°

200 1.37 + 0.09% 13.24 4+ 0.65® 927 + 0.65"
MeJA (uM)

50 1.00 £ 0.00° 3.49 + 0.50 237 £ 0211

100 1.10 £ 0.06 1.85 + 0.20' 1.93 £ 0.21°

200 1.00 + 0.00° 1.72 + 0.08 1.67 £ 0.15
SA (uM)

50 1.87 + 0.12% 491 + 0478 6.73 + 0.43%

100 1.40 + 0.10%° 437 + 0.448 3.83 + 0.28"

200 1.43 + 0.09% 0.78 + 0.13/ 1.97 + 0.28

18.07 + 0.50"

14.87 + 0.78%
19.27 + 0.71°
16.60 + 0.93%¢

10.73 + 0.448
12.87 £ 0.95°%
12.73 £ 0.57°%

12.87 + 0.46°T
12.27 + 0.47°"
14.40 + 0.65%f

13.87 + 0.81%F
15.20 + 0.83%
11.60 £ 0.57%"

19.53 + 0.81°
23.40 + 1.14°
20.53 + 1.30°

6.60 + 0.46'
5.40 £ 0.511
5.00 £ 0.37

15.47 + 0.86%
9.67 £+ 0.56"
5.07 £ 0.68

0.84 + 0.02%

0.66 £ 0.03
0.81 £ 0.03°%
0.62 £ 0.03%"

1.02 & 0.05
0.72 £ 0.03%f
0.70 % 0.04°f

0.96 + 0.03%°
0.85 £ 0.03%¢
0.90 =+ 0.03%

0.64 + 0.03%"
0.55 + 0.038"
0.65 + 0.03"

0.83 £ 0.06°%
0.82 £ 0.04°%
0.80 £ 0.05°%

0.35 + 0.03!
0.31 + 0.01!
0.33 £ 0.021

0.62 £ 0.04%"
0.51 £ 0.04"
0.27 £ 0.02

0.62 + 0.04<%

0.50 £ 0.02°¢h
0.90 + 0.06°
0.53 £ 0.02°fh

0.51 £ 0.02°feh
0.44 £ 0.028M
0.47 + 0.017"

0.51 £ 0.01°%0
0.43 £ 0.01"9
0.78 £ 0.03%

0.51 £ 0.02°fh
0.58 =+ 0.03%f
0.54 + 0.02°'

0.50 £ 0.02°f0
0.66 =+ 0.04¢
0.72 £ 0.05"

0.35 + 0.02/
0.42 + 0.029
0.40 £ 0.029

0.72 £ 0.04%
0.52 £ 0.03°eh
0.40 £ 0.027

Multiplication of the shoots was replicated three times, with ten explants per treatment. In each column, mean £+ SE followed by the same

subscripted letter was not significantly different (P = 0.05) according to the Student—-Newman—Keuls test

per explant) and dry (6.8 mg per explant) weights because
of the regeneration of thicker roots compared to the other
treatments. Supplementation with CHI generally resulted in
an increase in the shoot/plantlet fresh and dry weights. The
highest shoot/plantlet fresh (433.4 mg per explant) and dry
(40.3 mg per explant) weights were observed with 100 pM
CHI. In previous studies, a positive effect of CHI on
in vitro plant growth was demonstrated in various plants
(Ait Barka et al. 2004; Nge et al. 2006; Pornpienpakdee
et al. 2010). Polysaccharide CHI is known to induce an
increase in the lignin biosynthesis and cell wall lignifica-
tion of plants. This results in stronger cell walls which
pathogens are less able to penetrate (Vasconsuelo et al.

2003). This may explain why the CHI treatments were
found to support good shoot growth. Treatment with CHI
might stimulate lignification, resulting in better shoot
growth and an increase in weight.

Effect of elicitors on stevioside and rebaudioside
A production

There are some studies regarding elicitor treatment to shoot
or whole plant cultures. In those studies, the shoots or
in vitro plantlets were exposed to elicitors for different
periods in liquid culture, and increments in the secondary
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Table 2 Effect of different type and concentrations of elicitors on root formation of Stevia rebaudiana after 4 weeks of culture

Concentrations of elicitors Root induction (%)

Root number per explant (+SE) Root length (cm) (£SE)

Control

0 100.00 £ 0.00°
ALG (g/L)

0.5 83.33 + 3.33%®

1.0 93.33 + 6.67°°

2.0 86.67 + 8.82%°
CH (g/L)

0.5 90.00 + 5.77*

1.0 76.67 & 3.33%

2.0 80.00 + 5.77%°
PEC (g/L)

0.5 100.00 =+ 0.00*

1.0 100.00 £ 0.00°

2.0 100.00 + 0.00*
YE (g/L)

0.5 86.67 + 3.33%

1.0 100.00 £ 0.00°

2.0 93.33 4 3.33%
CHI (uM)

50 100.00 £ 0.00°

100 96.67 & 3.33%

200 80.00 £ 10.00*
MeJA (uM)

50 16.67 + 8.82°

100 0.00 + 0.00¢

200 0.00 %+ 0.00¢
SA (uM)

50 86.67 + 3.33%

100 76.67 + 6.67*°

200 60.00 & 15.28°

3.94 £ 0.24°% 3.49 + 0.18¢
3.93 £ 0.31°% 428 + 0.19%
5.57 £+ 0.47%° 2.82 + 0.15°

4.67 + 0.46>¢ 4.04 + 0.18%¢

4.87 + 0317 3.66 + 0.12°¢
3.97 £ 0.30°% 3.68 + 0.16%
2.97 £ 0.30%¢ 227 + 0.23f
6.13 £ 0.33% 2.99 £ 0.11°
4.83 + (.44 2.69 £ 0.11°
457 4+ 0.27° 3.72 £ 0.11¢
2.97 + 0.31°f 6.60 + 0.22°
5.78 + 0.45% 7.04 + 0.26°
3.63 £ 0.25%f 476 + 0.27°
4.73 + 0.40%°4 3.76 + 0.16%
5.40 £ 0.37%° 4.00 &+ 0.27°¢
5.13 £ 0.46%¢ 3.78 + 0.17¢
2.67 £ 0.23 0.72 £ 0.041
0.00 £ 0.00" 0.00 £ 0.00*
0.00 £ 0.00" 0.00 £ 0.00*
430 + 0.33% 1.28 + 0.088
2.63 £ 0.29 0.94 + 0.06"
1.00 £ 0.008 0.53 £ 0.03’

Multiplication of the shoots was replicated three times, with ten explants per treatment. In each column, mean £ SE followed by the same
superscripted letter was not significantly different (P = 0.05) according to the Student-Newman—Keuls test

metabolite accumulation were reported. However, the
cultures were performed in 2 stages. In the first stage, the
shoots or plantlets were grown on semi-solid media and in
the second stage, they were transferred into liquid media
containing elicitors (Kim et al. 2004; Shabani et al. 2009;
Putalun et al. 2010; Thaweesak et al. 2011; Pérez-Alonso
et al. 2012; Skrzypczak-Pietraszek et al. 2014). In the
present study, we focused on finding suitable elicitors
supporting the growth of shoots/plantlets and enhancing the
secondary metabolite biosynthesis in 1 stage. The results
indicated that the application of elicitors effects not only
the growth of shoots/plantlets but also the production of
stevioside. As seen in Table 4, except for the treatments
with 200 uM CHI, 100 and 200 uM MelJA, and 200 uM
SA, the remaining treatments positively affected the ste-
vioside content compared to the control (Table 4).

@ Springer

The major component of the cell walls in brown algae is
ALG, which is a natural polysaccharide that acts on the
plant cells as an endogenous elicitor (Akimoto et al. 1999;
Xu et al. 2015). The anionic function in the carboxylic
groups of ALG affects the plant cell membrane or may
even change the steric structure of the saccharide elicitor,
causing an increase in the sensitivity of their recognition by
the plant cells (Akimoto et al. 1999). With regards to the
effects of ALG, stevioside production was stimulated by
ALG treatments without any loss in shoot growth. The
shoot growth was nearly the same compared to the control.
At the 3 different concentrations (0.5, 1.0, and 2.0 g/L), the
0.5 g/L dose of ALG was more effective than the 1.0 and
2.0 g/L concentrations with regards to the stevioside yield.
The highest stevioside content (14.69 mg/g DW) was
observed and the stevioside content increased 9.43-fold
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Table 4 Effect of different
type and concentrations of
elicitors on stevioside and
rebaudioside A production in

the leaves of in vitro-grown S.

rebaudiana plantlets

Concentrations of elicitors

Stevioside (mg/g dry weight)

Rebaudioside A (mg/g dry weight)

Control
0
ALG (g/L)
0.5
1.0
2.0
CH (g/L)
0.5
1.0
2.0
PEC (g/L)
0.5
1.0
2.0
YE (g/L)
0.5
1.0
2.0
CHI (uM)
50
100
200
MeJA (uM)
50
100
200
SA (1M
50
100
200
Field-grown plants
0

1.56 N.D.
14.69 0.55
9.60 N.D.
13.91 N.D.
13.05 N.D.
11.12 N.D.
3.50 N.D.
9.23 N.D.
10.74 N.D.
10.24 N.D.
12.54 N.D.
13.50 N.D.
14.54 N.D.
6.10 N.D.
7.02 N.D.
0.00 N.D.
12.53 N.D.
- N.D.
- N.D.
13.84 N.D.
10.48 N.D.
0.00 N.D.
15.06 N.D.

N.D not determinated

compared to the control plants with a concentration of
0.5 g/L. The rebaudioside A content was observed only in
this treatment as 0.55 mg/g DW (Table 4).

With the CH treatments, the secondary metabolite pro-
duction showed a negative correlation with the shoot
growth. Although the CH treatments generally reduced the
shoot growth compared to the control, the stevioside con-
tent increased 8.38-fold (13.05 mg/g DW) with treatment
of 0.5 g/LL CH (Table 4). Although a subsequent decrease
in the stevioside production was observed with concen-
trations of 1.0 and 2.0 g/L, both provided higher metabolite
content than the control plants (Table 4). The stimulation
of stevioside and rebaudioside A accumulation with CH
has also been observed in S. rebaudiana callus culture. The
addition of CH to the callus culture medium increased the

@ Springer

accumulation of both compounds in S. rebaudiana but
retarded the growth of callus. The stevioside and rebau-
dioside A contents of the callus tissue cultured on the
medium supplemented with 2 g/l CH were twice as much
as that of control, which means approximately 4 times to
that of the leaves obtained from field-grown plants (Hsing
et al. 1983).

PEC is a natural polysaccharide elicitor derived from
plant cell walls (Sharma et al. 2011). Like other biotic
elicitors (ALG, CHI, and YE), it is a signaling molecule
within elicitation pathways and can induce similar plant
defense response (Angelova et al. 2006; Baenas et al. 2014;
Gadzovska Simic et al. 2014). In the present study, PEC at
all of the concentrations enhanced stevioside production at
nearly the same amounts when compared to the control
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(Table 4). The stevioside yield ranged between 9.23 and
10.74 mg/g DW, which was 5.93- and 6.90-folds higher
than that of the control culture, respectively (Table 4).

The YE is often used as a biotic elicitor in secondary
metabolite production (Cai et al. 2012). In the present
study, YE treatments also enhanced the metabolite content.
The stevioside content increased to 14.54 mg/g DW, which
is 9.34-fold higher than the control plants at 2.0 g/L
(Table 4).

In plant pathogen fungi, the main structural component
of the cell wall is CHI, which mimics its effects and acti-
vates the biosynthesis of defense-related secondary
metabolites in plants (Benhamou and Thériault 1992;
Zhang et al. 2007; Tocci et al. 2010; Wiktorowska et al.
2010). Hence, it displays elicitor activity and is a substitute
for fungal elicitors in the elicitation effect (Zhao et al.
2005). SGs are similar to other secondary plant metabo-
lites, in that they behave in a defensive manner, by feeding
deterrents or antimicrobial agents against specific herbi-
vores, pests, or pathogens (Nanayakkara et al. 1987;
Brandle et al. 1998; Richman et al. 1999). Hence, with the
exception of treatments with 200 UM CHI, the stevioside
content was seen to increase in the shoots treated with 50
and 100 pM CHI (Table 4). The stevioside content reached
7.02 mg/g DW (4.51-fold higher than the control plants) at
100 uM dose (Table 4).

MelJA is widely synthesized in higher plants and has an
important signaling role in the elicitation of plant defense
systems (Sharma et al. 2015). Therefore, MeJA can be
applied exogenously to increase the production of sec-
ondary metabolites. In the present study, exogenously
applied MeJA adversely affected shoot/plantlet growth.
Tiny shoots with necrotic leaves formed with all of the
concentrations of MeJA. The metabolite yield of the 100
and 200 pM MelJA-treated plantlets was not evaluated
because all of the leaves showed necrosis. Treatments with
50 uM MeJA resulted in an 8.05-fold stevioside
(12.53 mg/g DW) increase when compared to the control
(Table 4). The negative effect of MeJA on shoot growth
could be due to high MeJA concentrations and long
exposure time.

Salicylic acid has an important role in the defense
against attacks by microbes and herbivores, and against
abiotic stresses, such as wounding and ozone exposure;
hence, it is very often used in plant in vitro cultures as an
elicitor (Muffler et al. 2011). When compared to the con-
trol, the shoot growth was very thin, the stevioside content
reached 13.84 mg/g DW (8.89-fold higher compared to the
control plants) with the 100 puM treatment (Table 4).

In the previous studies, the stevioside contents in
in vitro-grown plants have been reported as 3.4 mg/g DW
(Bondarev et al. 2001), 3.30 mg/g DW (Ladygin et al.
2008), 82.48 pug/g DW (Aman et al. 2013), 2.9 mg/g DW

(Dey et al. 2013), 10.20 mg/g DW (Khalil et al. 2016).
Bondarev et al. (2001) found stevioside contents as
0.015 mg/g DW in suspension culture, 0.06 mg/g DW in
morphogenic callus and 0.387 mg/g DW in shoots,
regenerated from callus. They also established a callus
culture in continuous darkness; however, they determined
no stevioside in this culture. Ladygin et al. (2008) reported
stevioside contents as 0.28 mg/g DW in etiolated in vitro
regenerants, 0.06 mg/g DW in green morphogenic callus
and trace in etiolated callus. Reis et al. (2011) established
successfully an adventitious root culture of S. rebaudiana
in a roller bottle system, but no stevioside was synthesized
in this culture. Pandey et al. (2016) reported the stevioside
production as 1.72 mg/g DW in hairy root culture. Mathur
and Shekhawat (2013) observed the content of stevioside as
381.03 pg/g DW in cell suspension culture. Gupta et al.
(2014) increased the concentration of stevioside from 0.20
to 1.34 % (6.7-fold higher than the control culture) in
callus culture exposed to abiotic stress induced 0.025 %
Na,COj3 and from 1.02 to 1.33 % (1.30-fold higher than the
control culture) in suspension culture exposed to 0.025 %
Na,CO3 (on 15th day). In another study, they cultured
in vitro raised nodal explants of Stevia on MS medium
supplemented with 2.0 mg/L kinetin and different con-
centrations of NaCl (0.05-0.20 %), Na,CO;3
(0.025-0.10 %), Proline (2.5-10 mM) and Polyethylene
glycol (2.5-10 %) for 4 weeks (Gupta et al. 2016). The
content of stevioside was increased from 0.49 to 1.37 %
(2.39-fold higher than the control culture) in in vitro shoots
exposed to 0.05 % Na,COj;. In the present study, much
higher contents of stevioside could be achieved and the
stevioside content reached its maximum value with the
0.5 g/ ALG- and 2.0 g/LL YE-treated in vitro plantlets as
14.69 and 14.54 mg/g DW, respectively (Table 4). These
amounts are nearly 9.5-fold higher than the control plants
(1.56 mg/g DW) and nearly same with the field-grown
plants (15.06 mg/g DW). Gupta et al. (2015) increased the
concentration of stevioside from 0.20 to 1.47 % (7.35-fold
higher than the control culture) in callus culture exposed to
7.5 % PEG and from 0.23 to 1.83 % (7.96-fold higher than
the control culture) in suspension culture exposed to 5 %
PEG (on 10th day). Although our results regarding the
stevioside content seem lower, the increasing content rate
of stevioside in our study (approximately 9.5-fold higher
than the control plants) was higher than the results (7.35-
and 7.96-fold higher than the controls of callus and sus-
pension cultures) obtained by Gupta et al. (2016). However
they obtained important results regarding rebaudioside A
content in callus culture, suspension culture and in vitro-
grown shoots exposed to above mentioned treatments
(Gupta et al. 2014, 2015, 2016). In the present study, the
rebaudioside A content was observed only in 0.5 g/l ALG
treatments as 0.55 mg/g DW (Table 4).

@ Springer
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Because of the different genotypes, geographical ori-
gins, propagation methods, environmental conditions, and
agronomic practices, the stevioside contents reported in the
intact plants or field-grown plants showed quite varieties
such as 8.75 g/100 g (Woelwer-Rieck et al. 2010), 5.8 %
(Gardana et al. 2010), 1.79 mg/g (Pandey et al. 2016), 24.9,
21.6 and 30.2 mg/g (Bondarev et al. 2001), 25.40 mg/g
(Ladygin et al. 2008). The quantity of stevioside obtained
from the present study generally remained lower compared
to field-grown plants. However, in case of selection of the
mother plant materials with high SGs contents, it may be
also possible to achieve high SGs production in in vitro-
grown plantlets.

Conclusion

In the present study, it was demonstrated that elicitor
(ALG, CH, PEC, YE, MelJA, SA, and CHI) application to
micropropagated S. rebaudiana plants enhanced stevioside
synthesis when compared to the untreated in vitro plantlets.
The maximum stevioside production was found in the
in vitro plantlets treated with 0.5 g/LL ALG or 2.0 g/ YE
(14.69 and 14.54 mg/g DW, respectively). This result is
approximately 9.4-fold higher than that in the control
plants and these amounts of stevioside were nearly same
with the field-grown plants. The results obtained from the
present study can act as a roadmap for the further studies
regarding the increase in stevioside production. Elicitor
treatment can be applied to large-scale in vitro propagated
plantlets of S. rebaudiana in bioreactors and the production
of stevioside in desired concentrations can be optimized
under controlled conditions. In future, studies may be
conducted to direct the metabolic pathway to rebaudioside
A production or the established system can be exploited to
investigate stevioside synthetic pathways. Moreover, the
elicitors can be applied under field conditions.
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