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Modifications in gene expression

and phenolic compounds content by methyl
jasmonate and fungal elicitors in Ficus carica.
Cv. Siah hairy root cultures
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Abstract

Background One of the most effective strategies to increase phytochemicals production in plant cultures is
elicitation. In the present study, we studied the effect of abiotic and biotic elicitors on the growth, key biosynthetic
genes expression, antioxidant capacity, and phenolic compounds content in Rhizobium (Agrobacterium) rhizogenes-
induced hairy roots cultures of Ficus carica cv. Siah.

Methods The elicitors included methyl jasmonate (MeJA) as abiotic elicitor, culture filtrate and cell extract of fungus
Piriformospora indica as biotic elicitors were prepared to use. The cultures of F. carica hairy roots were exposed to
elicitores at different time points. After elicitation treatments, hairy roots were collected, and evaluated for growth
index, total phenolic (TPC) and flavonoids (TFC) content, antioxidant activity (2,2-diphenyl-1-picrylhydrazyl, DPPH and
ferric ion reducing antioxidant power, FRAP assays), expression level of key phenolic/flavonoid biosynthesis genes,
and high-performance liquid chromatography (HPLC) analysis of some main phenolic compounds in comparison to
control.

Results Elicitation positively or negatively affected the growth, content of phenolic/flavonoid compounds and
DPPH and FRAP antioxidant activities of hairy roots cultures in depending of elicitor concentration and exposure
time. The maximum expression level of chalcone synthase (CHS: 55.1), flavonoid 3’-hydroxylase (F3'H: 34.33) genes
and transcription factors MYB3 (32.22), Basic helix-loop-helix (oHLH: 45.73) was induced by MeJA elicitation,
whereas the maximum expression level of phenylalanine ammonia-lyase (PAL: 26.72) and UDP-glucose flavonoid
3-O-glucosyltransferase (UFGT: 27.57) genes was obtained after P indica culture filtrate elicitation. The R indica
elicitation also caused greatest increase in the content of gallic acid (5848 ug/q), caffeic acid (508.2 ug/g), rutin
(43.5 ug/g), quercetin (341 pg/g), and apigenin (1167 ug/qg) phenolic compounds.
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Conclusions This study support that elicitation of F. carica cv. Siah hairy roots can be considered as an effective
biotechnological method for improved phenolic/flavonoid compounds production, and of course this approach

requires further research.

Keywords Fungal elicitor, Hairy roots, Methyl jasmonate, Piriformospora indica, Rhizobium (Agrobacterium) rhizogenes,

Secondary metabolites

Introduction

Ficus carica (L.), known as fig tree, is the most impor-
tant commercial fruit tree species of the large genus Ficus
belonging to the Moraceae family [1]. As one of the oldest
species domesticated, F carica is native to eastern Medi-
terranean region and later spread to the western Medi-
terranean [1]. In different regions, fig cultivars are often
distinguished based on the color, shape, and maturity of
the fruit, local region or harvest date [2]. The peel color
of E carica fruits ranges from green to dark purple. Two
important Iranian cultivars of E carica are Siah as a fresh
fig with dark purple peel color, and Sabz as dried fig with
green peel color. The biological activities of antioxidant,
antibacterial, anti-tumor, antiseptic, diuretic, anti-inflam-
matory, anti-helminthic, cancer prevention, etc. health
properties have been reported from E carica [3]. Tradi-
tionally, Leaves, fruits, and roots of F carica have been
used for the treatment of disorders such as respiratory
disorders (coughs, sore throats, and bronchial problems),
digestive disorders (loss of appetite, indigestion, diarrhea,
and colic), dysentery, hemorrhoids, ulcers, cardiovascu-
lar disorders, diabetes, and skin disorders [4, 5]. It has
been found that these biological activities of E carica are
derived from its phytochemicals, which are influenced
by environmental and genetic factors and their interac-
tion [6]. A high number of bioactive compounds such as
phenolic acids, flavonoids, carotenoids, terpenoids, phy-
tosterols, coumarins, furanocoumarins, vitamins, organic
acids, fatty acid, and volatile compounds have been found
in different parts of Ecarica [5]. The gallic acid, chloro-
genic acid, caffeic acid, ferulic acid, coumaric acid, syrin-
gic acid, and quinol, are the main phenolic acids and
catechin, kaempferol, quercitin, rutin, and myricetin are
the main flavonoids of E carica [1, 4]. These phytochemi-
cals (phenolic and flavonoid compounds) are synthesized
through the phenylpropanoid and flavonoid pathway [7,
8].

In recent years, to enable industrial use, attention has
been turned to the possibility of mass production of phy-
tochemicals using natural sources [9]. Since the produc-
tion rate of secondary metabolites is very low in nature,
and may be negatively affected by unpredictable envi-
ronmental/climatic fluctuations and disease, it is crucial
to introduce efficient alternative strategies to increase
the bioproduction of bioactive compounds [9]. Plant
biotechnological techniques based on in vitro culture
with advantages such as the ability of stable, predictable,

efficient, and scalable secondary production, simple
extraction and purification of phytochemicals, can be a
reliable alternative for the rapid and uniform synthesis
of bioactive compounds under controlled conditions [9,
10]. Plant hairy root culture (HRC) system, induced by
Rhizobium (Agrobacterium) rhizogenes, has been recog-
nized as in vitro stable platform for improvement of phy-
tochemicals production [11]. Hairy roots can synthesize
more than one metabolite and thus would be cost-effec-
tive for commercial production purposes [12]. Elicitation
of hairy roots has been commonly used to stimulate the
in vitro biosynthesis of secondary metabolites [12, 13].
Elicitation is an easy, high-efficiency, and low-cost tech-
nique that changes metabolic and biochemical pathways
in hairy roots cultures by inducing oxidative stress and
thereby activating the cellular immune and transcrip-
tional responses for the secondary metabolism [14]. Elici-
tors are agents with abiotic (non-biological) and/or biotic
(biological) origin [13]. Biotic elicitors include microor-
ganism (fungi, bacteria, virus, etc.) and polysaccharide
(chitin, pectin, cellulose, etc.) elicitors [13, 15]. The posi-
tive effects of endophytic fungi such as Camarosporomy-
ces flavigenus [16], Mucor fragilis [17], Chaetomium sp.
[18], on secondary metabolites production in plant tis-
sue cultures has been reported. Abiotic elicitors include
physical (light, drought, salinity, mechanical wounding,
osmotic and thermal stresses), chemical (inorganic com-
pounds and metals) and hormonal (jasmonates, salicylic
acid, ethylene, etc.) elicitors [13, 15]. Jasmonates includ-
ing, jasmonic acid (JA) and its derivative, methyl jasmo-
nate (MeJA), have been introduced as potent elicitors in
plant cultures in vitro due to their positive effects on pro-
moting secondary metabolism [19]. For example, methyl
jasmonate (MeJA) treatment increased production of
asiaticoside in hairy root cultures of Centella asiatica
[20], rosmarinic acid accumulation in hairy root cultures
of Prunella vulgaris [21], phenolic acids accumulation
in hairy root cultures of Salvia miltiorrhiza [22], and,
anthraquinone production in hairy root cultures of Rubia
tinctorum [23]. To better understand the effect of elici-
tors on the production of secondary metabolites of differ-
ent plants, it is necessary to investigate the expression of
biosynthetic pathway genes after elicitation.

In our previous study [24], hairy roots induction was
optimized in F carica (Siah, Sabz cultivars) and then the
effects of MeJA on the contents of some phenolic com-
pounds in hairy root cultures of both cultivars of E carica
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were investigated, though the effects of MeJA and/or
fungal elicitation on gene expression were not studied in
Siah cultivar of E carica. In this work, the effects of MeJA
and fungal elicitation on the accumulation of phenolic/
flavonoid compounds, antioxidant activity and expres-
sion levels of key genes involved in phenolic/flavonoid
biosynthetic pathway have been evaluated in hairy roots
cultures of F. carica cv. Siah.

Materials and methods

Chemicals reagents

All reagents, standard compounds, and chromatographic
-grade solvents for biochemical analysis of phenolic acids
(gallic acid, caffeic acid, chlorogenic acid, p-coumaric
acid, rosmarinic acid, and cinnamic acid) and flavonoids
(quercetin, rutin, and apigenin) were purchased from
Merck (Darmstadt, Germany).

Hairy roots cultures

In vitro seedlings of E carica cv. Siah were cultured on
woody plant medium, WPM [25] including vitamins and
supplemented with 2% (w/v) sucrose, and 0.6% (w/v)
agar and maintained at growth conditions of 25+2 °C
with 16 h light/8 h photoperiod (Fig. 1, a). The hairy
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root induction was performed by agroinfection of shoot
explants with Agrobacterium rhizogenes A7 [24]. Induced
hairy roots were separated, numerical named as lines,
transferred to hormone-free % Murashige and Skoog, MS
solid medium+300 mg/L cefotaxime, and incubated at
25+2 °C in darkness. About 6 to 7 sub-culturing of hairy
roots in fresh medium but with a lower concentration of
cefotaxime than before were done every 15 d until the
complete removal of the remaining bacteria. During the
establishment period, high growth rate hairy root lines
were clearly defined. The highest growth rate hairy roots
line (Fig. 1.) was selected as superior line and cultured in
hormone-free % MS liquid media (300 mg/ 30 mL). For
further biochemical and molecular investigations, the
cultures were maintained on a rotary shaker at 120 rpm
in the dark at a room temperature of 2512 °C.

PCR confirmation of hairy roots

The genomic DNA from hairy root lines and in vitro
natural (normal) roots were extracted using cetyltri-
methyl ammonium bromide (CTAB) buffer as described
by Pirttila et al. [26]. To molecularly confirm the integra-
tion of bacteria rol genes in the hairy root lines genome,
their genomic DNA was amplified by polymerase chain

Fig. 1 The in vitro culture of F. carica cv. Siah followed by induction, establishment and elicitation of hairy roots: in vitro F. carica cv. Siah plantlet (a); in-
duced hairy root on the leaf of shoot explant (b); hairy root lines (c); highest growth hairy root line (L10) on solid medium culture (d); L10 hairy root line
transferred to liquid culture (e); the growth of L10 hairy root line on liquid culture (f and g); L10 hairy root line before elicitation (h); L10 hairy root line after

MeJA elicitation (i); L10 hairy root line after fungal elicitation (j)
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reaction (PCR) using specific primers. Specific prim-
ers for rol genes amplification were 1724 A-1724B (for-
ward-GTGCTTTCGCATCTTGACAG, reverse-TCTC
GCGAGAAGATGCAGAA for rolA-B), rolB (forward-A
TGGATCCCAAATTGCTATTCCCCCACGA, reverse-
TTAGGCTTCTTTCATTCGGTTTACTGCAGC) and
1724-C-1724D  (forward-CTGTACCTCTACGTCGAC
T, reverse-TCAGTCGAGTGGGCTCCTTG for rolC-D).
The virD2 primer (forward-ATGCCCGATCGAGCTCA
AGT, reverse-CCTGACCCAAACATCTCGGCTGCCC
A), related to the virulence gene located on the vir region
of the Agrobacterium plasmid (non-transmissible to the
plant tissue), was used to ensure the absence of any bac-
terial contamination in the hairy root lines. Natural roots
were defined as negative control and Ri-plasmid DNA
extracted by alkaline lysis method [27] from bacteria as
positive control. The PCR program of reactions (20 pL of
the reaction final volume including 7.25 pL of sterile dou-
ble distilled water, 10 uL of Super PCR Master Mix (Cat
No: YT1553, Yekta Tejhiz Azma, Tehran, Iran), 1.25 pL
of DNA sample and 0.75 pL of each reverse primer), was
set as: one cycle at 94 °C for 5 min, followed by 30 cycles
at 94 °C for 1 min, 60 °C for rolB or 58 °C for other prim-
ers for 60 s, 72 °C for 10 min. The size of PCR amplified
products (rolA-B: 1794 bp, rolB: 780 bp, rolC-D: 1105 bp,
virD2: 338 bp) was confirmed by running on 1.2% aga-
rose gel electrophoresis stained with ethidium bromide.

Elicitation

The optimal hairy root culture age for elicitation varies
by plant species. In the most cases, mid- to late-growth
phase or the onset of stationary phase would be the
appropriate time point to challenge cells for maximum
response to elicitors [28, 29]. In this study, elicitation
experiments were carried out on 30th days (late growth
phase (Fig. 2.) [24]) of superior hairy root cultures. For
this purpose, inocula of 500 mg fresh weight of the supe-
rior hairy roots cultures were placed in hormone-free

16 - == Fresh weight

e Dry weight

S 5 =

Fresh Biomass (g per flask)
[ee]
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% MS liquid media, and maintained for 30 d without
subculture on rotary shaker under growth conditions
(252 °C in darkness). After that, the culture medium of
thirty-day-old cultures was removed, and after weighing
the fresh weight of hairy roots, it was replaced with the
fresh culture medium containing elicitors and incubated
at the same conditions. Three elicitors including MeJA,
P indica culture filtrate, and P. indica cell extract were
used. To prepare MeJA stock solution, the colorless vis-
cous liquid of MeJA was dissolved in absolute methanol,
sterilized by passing through a 0.22 micron sterile filter
and stored at 4 °C until use. To prepar fungal elicitors,
P indica fungus were cultured in Kafer’s liquid culture
medium (Kafer, 1977). After 8 to 10 days of cultivation,
the media of P. indica cultures was used to prepare the
culture filtere elicitor and the P. indica biomass was used
to prepare the cell extract elicitor. The collected media of
P indica cultures was passed through filter paper, 15 min
centrifuged at 7500 rpm, and after filter sterilizing using a
0.22 micron Millipore syringe filter stored at 4 °C as cul-
ture filtrate elicitor until use. The fresh weighed biomass
of P indica after autoclave sterilization, drying on filter
paper and washing three times with sterile distilled water,
were homogenized as 10 mg of biomass in 1 ml distilled
water under sterile conditions and stored at 4 °C as cell
extract elicitor until use.

The cultures for experiments were: (I) control samples-
untreated thirty-day-old hairy roots; treated with (II) 100
UM MeJA; (III) 200 puM MeJA; (IV) 300 pM MeJA; (V)
2.0% v/v P indica culture filtrate; (VI) 4.0% v/v P. indica
culture filtrate; (VII) 6.0% P, indica culture filtrate; (VIII)
2.0% v/v P. indica cell extract; (IX) 4.0% v/v P. indica cell
extract; (X) 6.0% P. indica cell extract. For phytochemi-
cal and molecular analysis, the samples were collected at
48 h, 72 h, and 96 h (due to approaching the stationary
phase of the cultures (day 35), the extending of elicitation
time was stopped). To record the dry weight (DW), fresh
hairy roots were exposed to 30 °C for four d and then to

Stationary Phase = 1 4
F 12
Fl

- 0.8
- 0.6

F 0.4

Dry Biomass (g per (flask)

F02

0

Time (week)

Fig. 2 The growth curve of the superior hairy root line (L10) of £. carica cv. Siah. Lag phase: delayed growth phase, exponential (log) growth phase: loga-

rithmic growth phase, stationary phase: plateau phase
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60 °C for 1-2 d. The growth index ([dry weight after elici-
tation -weight at before elicitation]/ weight before elicita-
tion) of samples was calculated.

RNA extraction, cDNA synthesis and expression analysis of
phenolic/flavonoid pathway genes by real-time PCR

Total RNA extraction of elicited and control (non-
elicited) hairy roots samples was performed using the
CTAB based -RNA extraction protocol as optimized by
Reid et al. [30]. Spectrophotometry using a NanoDrop
1000 (NanoDrop Technologies, Wilmington, USA) and
electrophoresis in 1.2% agarose gel were assayed for
quantitative and qualitative determination of each RNA
sample (Fig. 3, e, f and g). First-strand cDNA synthe-
sis was performed from 2 ul of each total RNA sample
using the RevertAid First-Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Lithuania) according to the kit

a bl b2

4.0 MG

rolA-B (1794 bp)

M C+ HR G HR

rolC-D (1105 bp) virD2 (338 bp)

RNA

virD2 (338 bp)
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instructions. The studied genes for the RTqPCR analy-
sis were: phenylalanine ammonia-lyase (PAL), chalcone
synthase (CHS), UDP glucose-flavonoid 3-O-glcosyl-
transferase (UFGT), and flavanoid 3'-hydroxylase (F3’H)
genes, and transcription factors of MYB3, and basic
helix-loop-helix (bHLH). The specific primers pairs are
detailed in Table 1. The RTqPCR assays were performed
using the Rotor-Gene Q cycler (QIAGEN, USA) in a final
volume of 20 pl includingl0 pl SYBER-Green Thermo
Master mix (Thermo Fisher Scientific, Lithuania), 0.5 pl
forward primer, 0.5 pl reverse primer, 2 pul cDNA sample
and 7 ul of nuclease-free water. Amplification program
was set as: 1 cycle of primary denaturing at 95 °C for
10 min followed by 40 cycles including secondary dena-
turing at 95 °C for 15 s, primer annealing at 54—60 °C
for 40 s and extension at 72 °C for 45 s. The specificity of
each primer pair by melting curve analysis and the size

=
2 3

rolB (780 bp)

Fig.3 Gel electrophoresis of extracted DNA, polymerase chain reaction products amplified by rol and virD2 primers, and extracted RNA from hairy roots.
a: DNA extracted from four hairy root lines; b1: PCR amplicons of four hairy root lines using rolA-B (1794 bp) primer and b2: confirmation of the absence
of bacterial contamination in these four lines by PCR using virD2 (338 bp); c: PCR amplicons of three hairy root lines using rolB (780 bp); d: PCR amplicons
of L10 hairy root line by rolC-D (1105 bp) and virD2; e-g: RNA extracted from non-elicited and/or elicited L10 hairy roots. M: DNA marker (50 bp or 1 kb)
Ladder, GoldBio), 1-4: hairy root lines, C+: A7 Agrobacterium rhizogenes plasmid as positive control, C-: normal root as negative control, % PCR reaction
without DNA as blank control, HR: L10 hairy root line (Additional edges and unrelated wells of gel have been cropped, from images, but the original image

of all blots is available in the supplementary file.)
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Table 1 The specific primers for real time-quantitive PCR analysis

Primer Name Sequence (5'to 3') TA(°C)

ACT1 Forward GCTGGTCGTGATCTCACTGAC 55 [51]
ACT1 Reverse  TCAGCACCGATTGTGATGACC

FcPAL Forward GCAAGCCTTGAACTCTCCAC 56 [52]
FcPAL Reverse GGTTCTGCGAGAAGGATCTG

FcCHS Forward CCGTGAAGTTGGGCFTTACAT 54 [52]
FcCHS Reverse  AAACCACACTTGGCTTCCAC

FCUFGT2 Forward CAGTGTCGTTTGCTGCAGAT 60 [52]
FCUFGT2 Reverse  AAGGAAGTCAACGGCGAGTA

FcF3'H1 Forward GATCCGCCACCCTAAAATCT 54 [52]
FcF3'H1 Reverse  GGATGTGGTAGCCGTTGACT

FcMYB3 Forward GCAATTGCATTCAAGGGTTT 54 [52]
FcMYB3 Reverse GCCTTCCAGACACCAAATGT

FcbHLH Forward TACCACCACCACTCCTCCTC 56 [52]
FcbHLH Reverse CCTCCTTGCCCTAACATGAA

and quality of real time RT-PCR amplicons using 1.2%
agarose gel electrophoresis were confirmed (Fig. 4). Rela-
tive quantitative analysis of gene expressions data was
carried out by 2724¢T method with actin (ACT1) as refer-
ence gene.

Extraction and quantification of phenolic and flavonoid
compounds

Extraction

Dry tissue (100 mg) from elicited and non-elicited hairy
roots cultures was powdered by using a mortar and pes-
tle and three times extracted as follows: adding 3mL 80%
MeOH, shaking for 5 h, 30 °C water bath ultrasonicating
for 20-60 min, 4500 rpm centrifuging for 15-20 min,
collecting supernatant of each time and mixing for TPC,
TFC and antioxidant assays. For HPLC analysis, the
MeOH solvent of these extracts was evaporated and the
dry extracts obtained were re-dissolved in 1.5 mL MeOH
and after filtered through a 0.22 um filter.
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Total phenolic (TPC) and flavonoids (TFC) content assay

The TPC content (mg gallic acid equivalent (GAE)/g dry
weight) of extracts was measured by using Folin-Cio-
calteu reagent [31] and gallic acid as standard. The TFC
content (mg quercetin (QE) equivalent/ g dry weight) of
extracts was calculated via aluminum chloride (AICI3)
method [32] and quercetin as standard.

HPLC analysis of phenolic acids and flavonoids

The concentration of six phenolic acids including gal-
lic acid, cinnamic acid, chlorogenic acid, rosmarinic
acid, caffeic acid, coumaric acid, and three flavonoids
including apigenin, quercetin and rutin in elicited hairy
root cultures was determined by a HPLC system (Agi-
lent 1100, USA) and compared with its content in con-
trol sample (non-elicited hairy root culture). The HPLC
calibration curves were established using the absorption
wavelength set at 272 nm for gallic acid, cinnamic acid
and apigenin, 250 nm for chlorogenic acid, rosmarinic
acid and quercetin, and in 310 nm for caffeic acid, cou-
maric acid and rutin (Supplementary Fig. 1). Determi-
nation of compounds was performed according method
described in our previous study [24].

Antioxidant analysis

Antioxidant assay of control and elicited hairy roots cul-
tures was evaluated using colorimetric procedures of
DPPH free radical scavenging according to [33] method
and FRAP (ferric reducing antioxidant power) accord-
ing to the method of [34]. The result of DPPH antioxi-
dant activity was reported as percentage of scavenged
DPPH radical (%). The result of FRAP antioxidant
activity was expressed as the FeSO,.7H20 value (mol
(M) FeSO,.7H,O /g dry weight of hairy roots) using
FeSO,.7H,0 as the standard.

MYBI gy

Fig. 4 Gel electrophoresis of RTg-PCR amplicons using specific primers for CHS, PAL, UFGT, F3'H, MYB3, bHLH, and ACT1 (as reference gene) genes. M: DNA
marker (50 bp or 1 kb) Ladder (Additional edges and unrelated wells of gel have been cropped, from images, but the original image of all blots is available

in the supplementary file))
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Statistical analysis

Analysis of variance (ANOVA) and Duncan’s multi-
range test were performed using Statistical Package for
the Social Sciences, SPSS version 22 software. Data were
expressed as the mean of three replicates tstandard devi-
ation (SD) and significance differences were indicated
by lettering according to one-way ANOVA followed by
Duncan’s test at 0.05 significance level.

Results

Establishment and confirmation of hairy roots

A. rhizogenes-transformed roots of E carica cv. Siah
were induced after 7 d of incubation from the wounded
sites of explants infected with A7 strain (Fig. 1.). For the

Table 2 £ carica cv. Siah hairy roots growth affected by MeJA
and fungal elicitation

Elicitor Concentration Ex- ADW (mg) Gl (%)
po-
sure
time
MeJA (uM) 100 48 -165.29+33711 -16.12+3.29%
72 -11733+3738" -11.33+368)
9%  -38802+27.24% -37.74+263"
200 48 -39407+807°  -4472+071°
72 2072643389  -2422+356™
9%  -11067+2380% -1252+251
300 48 -559.10+52.30 -5881+4.20°
72 -20052+4167 -3037+499™
9%  -15752+5165) -2020+631¢
Pindica 2 48 14377+2220°  20.81+239°
culture 72 15363+720°  12.85+0.55°
filtrate (% 9  17198+3956° 2538+462°
V) 4 48 51930+3320° 4121+282°
72 7894+309° 22.84+1.38°
9%  1808+749%  1.74+058¢
6 48 -42854+2619% -2740+238™
72 -9378+2818%" -835+249%
9%  -2774+302°0  -291+0.2219
Pindica 2 48 81.25+284° 2241+092°
cell extract 72 1165+302%  1.90+052¢
(%ov/v) 9%  2866+103%  449+016%
4 48 5306+287°9  1041+033“
72 147.75+3348° 2144+472°
9%  -2602+120°  -452+0.220"
6 48 -5315+3719  -7.68+0.529"
72 893542759 -966+030"
9%  4706+958% 7624162
Control - 48 1080+099%  100+0.09¢
72 11.75+035%  1.08+003¢
9%  1605+021%  1.50+002¢

MeJA methyl jasmonate; ADW: mg [dry weight,fer aiicitation — dry
WEightbefore elicitanon]; Gl:% Growth index [(Adry WEight)/dry WEightbeforeelicitation]'
Data presented as mean=SD of three replicates. Values followed by the same
letters in each column are not significantly different according to Duncan's test
(P<0.05)
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molecular confirmation of hairy root lines, the pres-
ence of rol genes was analyzed by PCR run using specific
primers. Agarose gel electrophoresis (Fig. 3.) showed that
the genes of rolA-B (1794 bp), rolB (780 bp), and rolC-D
(1105 bp) were present in positive control (A. rhizogenes
plasmid) and A. rhizogenes-transformed root lines but
not in negative control (non-transformed natural roots).
Amplification of 338 bp band of virD2 gene was observed
in only positive control sample (Fig. 3.). After PCR con-
firmation, hairy root line with the highest growth power
was designated as the superior line (L10 line) and exten-
sively subcultured for further analysis.

Effect of elicitation on hairy roots growth

To show the effect of elicitation on hairy roots growth,
the growth index of elicited hairy root cultures was
determined and compared to control samples. As shown
in Table 2, elicitation, depending on type, concentration
and exposure time, had a significant effect on the growth
index of hairy root cultures. MeJA elicitation dramati-
cally decreased growth index of hairy roots samples in
all treatments whereas, P indica elicitation, except in
high concentration treatments (6% culture filtrate and
cell extract (v/v)), significantly increased it. In MeJA
elicitation of hairy roots, with increasing the concentra-
tion of elicitor, the intensity of growth index reduction
increased and with increasing exposure time, its intensity
decreased. The highest increase in growth index of hairy
roots was obtained after 48 h of treatment with 4% cul-
ture filtrate elicitor.

Effect of elicitation on TPC and TFC

Depending of concentration and exposure time, elicita-
tion significantly increased or decreased the TPC and
TEC of elicited hairy roots cultures (Table 3). The val-
ues of TPC and TFC were significantly higher in the
72-h treatments with MeJA (100 and 200 uM), P. indica
cell extract (4% v/v), and 96-h treatments with P. indica
culture filtrate (TPC: 4 & 6% v/v, TFC: 2 & 6% v/v) com-
pared to control (p<0.05). Based on these results, the
highest yield of TPC was 78.26 mg GAE/g DW and it was
found in hairy root cultures elicited with 6% v/v P. indica
culture filtrate for 96 h. The maximum levels of TFC were
obtained from hairy root cultures elicited with 100 and
200 pM MeJA after 72 h which were 3.68 mg GAE/g DW
and 3.93 mg QE/g DW, respectively as compared to con-
trol (2.66 mg QE/g DW). Compared to the control, the
lowest amount of TPC (39% reduction) and TFC (36%
reduction) in hairy root cultures was observed after 96 h
treatment with 4% v/v cell extract (Table 3).

Effect of elicitation on antioxidant activity
The antioxidant activity of E carica hairy root cultures
was evaluated based on two DPPH and FRAP methods.
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Table 3 Effect of elicitation on total phenolic/flavonoid compounds and antioxidant activity in F. carica cv. Siah hairy root cultures

Elicitor Concen. Time TPC TFC DPPH assay FRAP assay
(h) (mg GAE/g DW) (mg QE/g DW) (%) (M/g DW)
MeJA [24] MM
100 48 4342+536"9 2.79+0.29° 7.34+159™ 55.35+5.389"
72 55.95+0.32< 3.68+0.15% 23.89+0.94° 6544+ 7.02°%f
% 28.42+0.73" 2.80+0.08° 645+061° 59.32+4.91¢0"
200 48 33.25+0.89 3.11+0.03¢ 1032+056™ 6561 +2.57°%f
72 54.52+041% 393+025° 7.54+0.19™ 68.25+3.98
9% 19.57+0.73™ 1.89+0.08" 10.96 +0.481™ 6643+ 141
300 48 2646+171M 1.13+025" 1479+2.119N 5320+3.74"
72 27.84+1.38Km 162+0.1™ 16.45+2.119 60.31+3.519fan
% 16.98+2.93°P 152+01'M 1565+0.239" 62.79+2.81°%M
P indica culture filtrate % v/v
2 48 29.8+2.15K 2.22+0.15" 1363+165" 59.82+ 1.40%fN
72 353+1.10" 255+0.22°f 6.68+0.1° 64.3+9.76°%f
% 36.98+1.30" 3324020 1836+0.3 61.14+2.97%fn
4 48 447 +804 2.82+027¢ 2350+0.27° 66.8+231°%
72 2623+1.66™ 246+0.17" 36.36+2.7° 60.48+1.00%%9"
) 673+633° 2.34+0.239" 11.7+£017M 714+232°
6 48 50.2+2.64° 21140174 27.83+063¢ 6643+ 529
72 554+4.77% 2.16+0.16% 374417 57.00+0.50"
% 78.26+552° 3.54+0.20°° 242+0.14° 79.67 +4.30P
P indica % v/v
cell extract 2 48 28.02+0.23" 145+027™ 15.81+0.569" 61.5+13.19fh
72 14.62+2.47° 1.10+0.20" 39.24+0.90° 57.00+15.30/"
% 2387+195™ 2.29+0.159" 142940569 6793+ 183
4 48 27.70+2.40K™ 140+0.10™ 3.74+0.50P 59.98 +2.00%faN
72 60.03+0.86° 3.37+006% 30,97 +4.43° 9414182
9% 11.50+0.10° 0.96+0.30" 18.00+1.10f 497+ 1647
6 48 32.04+0.70% 1.87+0.10¢ 1830+0.14' 6560+ 1.82°%"
72 35.02+0.12" 159+0.15™ 9.13+027™" 6842+4.30
9% 39.50+0.119" 2.45+0.0209N 27.53+1.00 70.74+0.60°
Control - 48 29.66+2.23" 2.68+0.16° 13.25+0.920 4597+1.07
72 29.62+0.9 2.66+0.09° 13.13+0.520% 46244066
% 29.58+1.09" 2.64+0,07¢ 1295+0.56 455+061

MeJA methyl jasmonate; TPC: total phenolic content; TFC: total flavonoid content; DPPH: 2, 2-diphenyl-1-picrylhydrazyl radical scavenging capacity; FRAP: ferric
reducing antioxidant power. Values represent the means of three replicates+SD. Values followed by the same letters in each column are not significantly different
according to Duncan’s test (P<0.05)

The presence of fungal elicitors in hairy root cultures
of E carica than MeJA elicitor caused greater DPPH
and FRAP antioxidant activities compared to the con-
trol (p<0.05) (Table 3). The highest DPPH antioxidant
activity was found in hairy root cultures that were elic-
ited with 2% cell extrac for 72 h (39.24%) followed by
6% and 4% culture filtrate for 72 h (37.4% and 36.36%,
respectivly) compared to the control (13.13%). The lowest
DPPH antioxidant activity was detected in the hairy roots
elicited with 4% cell extract for 48 h (3.74%) (Table 3).
When hairy roots were elicited with MeJA and fungal
elicitors, except in two cases (300 uM MeJA for 48 h &
4% v/v fungal cell extract for 96 h), the antioxidant activ-
ity of FRAP was significantly increased compared to
control hairy root cultures (Table 3). Hairy root cultures
elicited with 4% v/v cell extract showed the highest FRAP

antioxidant activity (94.1 M/g DW) which was 2-fold
higher than that of the control (46.24 M/g DW) (Table 3).

HPLC analysis of phenolic acids and flavonoids content
after elicitation

The amount of gallic, caffeic, chlorogenic, coumaric,
rosmarinic and cinnamic phenolic acids, and also rutin,
quercetin, and apigenin flavonoids in elicited and non-
elicited hairy roots of Ecarica was quantified by HPLC
(Table 4). The level of gallic acid in E carica hairy root
culture was considerably raised (48.56-fold) after 96 h
exposure to culture filtrate (6% v/v) compared to the
control (Table 4). The presence of MeJA in the culture of
hairy roots except for a period of 96 h caused a signifi-
cant increase in gallic acid, and the most increase (5.89
times) was observed in 72-h treatment with a 100 uM
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Table 4 Effect of elicitation on the content of phenolic acids and flavonoid compounds in HPLC analysis of £. carica cv. Siah hairy root

cultures
Elicitor Concen. time (h) Phenolic acid pg/g Flavonoid (ug/g)
Gal Caf Chl Cou Ros Cin Rut Que Api
(M)
MeJA [24] 100 48 12504 17756° 2208 54.62° 79.7 6.86 549 4254 172
72 709.7° 459° 649993° 40839 13769 20874 3442° 2246 3158°
% 43.89 48.54' 73417 78.08" 3067 6.95 13.69K 8297 1147
200 48 1222 94,96 285.05P 31826 18428 9819 29.53¢ 2087% 4717
72 150017 11763" 36937 81.75™ 65.1' 586! 11.19'M 31154 707
9% 89.07" 60.29° 160.91° 144479 243.2° 433™ 1043™ 33311 79u
300 48 145.5" 76.4™ 285.1° 114.16 73.2% 2.55P4 11.32 12049 3046°
72 17185¢  22159°  846.35¢ 25151¢  482.5° 66.09° 27.8¢ 1996¢ 12072
% 99.329 119619 209.16° 47853%  573M 8.09" 2544° 3091Y 26159
P indica % v/v)
culture filtrate 2 48 1165™ 619" 7.07° 88.7 6.6" 16" 458" 54K
72 14530 456° 68.8 52.8° 17.7° 1.7% 7Pd 114 499
% 116.6™ 89.2¢ 79.47" 128" 264" 141 1.8 119" 769"
4 48 1266 425 1245 103 - 7.3k 13.4% 69.7° 30°
72 159.8f 13.9¢ 25849 886 93.2 3.39P4 1470 54.8° 32.2°
% 193.19 338" 3164° 117 109" 4,mno 507" 54.8° 38.2"
6 48 51.21¢ 106' 675.2 1459 - 8l 7.09P 54P 382"
72 74.83° 173" 1001.6" 253" - 19¢ 435 73.5" 1167
% 58487 2174 13015 185¢ 49.1P 3.7 80s5P 3412 130°
P indica (% v/v)
cell extract 2 48 110.2" 176.5 996.82' 19.7¢ 186° 42° 10.3™n° 2330 774"
72 156.79 300.5° 1642.3° 151 55" 47m 19.19 115 1099
% 16.66" 16.06" 14734 37" - 1.7° 321° 339! 519
4 48 98.821 4879 11459 79.2" 50P 1.3° 9.41° 1541 162¢
72 3186° 508.2° 2613.3° 1974 80 2.5Par 2481 162¢ 295°
) 106.3° 119.69 1497.1¢ 24.4° - 8l 156" 93 269
6 48 108.8° 82.7' 988.97 169" - 93" 10m 227° 65.6
72 191 50.58% 354.84" 141V 1914 29° 11.15M 78m 191°
9% 56.8" 49,64 1424.1° 236° 53° 4.mn0 11.72' 89.3 304°
Control - 48 12014 56.17° 62021™  5530° 15026  347"°° 1307 49299 2253
72 120300 56.09° 62032  54.9¢° 15031 346™P 1305k 49329 2224
% 120.82'  5643° 61998™  5487° 150037 351™°  1294K 49419 2261

MeJA methyl jasmonate; Gal: gallic acid; Caf: caffeic acid; Chl: chlorogenic acid; Rut: rutin; Cou: coumaric acid; Ros: rosmarinic acid; Que: quercetin; Cin: cinnamic
acid; Api: apigenin; -, not detected. Values represent the means of three replicates. Values followed by the same letters in each column are not significantly different

according to Duncan’s test (P<0.05)

(Table 4). The maximum amount of caffeic acid (9.04-
fold than control) was detected in cell extract (4% v/v,
72 h) elicited hairy root cultures of E carica (Table 4).
The highest yields of chlorogenic acid, coumaric acid,
rosmarinic acid and cinnamic acid were obtained in the
hairy root cultures treated with MeJA, in dose/time-
dependent, as compared to control (Table 4). The MeJA
treatments resulting in the highest increase were 100 uM
-72 h for chlorogenic acid (10.48-folds), 300 uM-96 h for
coumaric acid (8.67-folds), 200 pM- 48 h for rosmarinic
acid (12.27-folds), and 300 pM-72 h for cinnamic acid
(18.99-folds). As shown in Table 4, the highest levels of
rutin, quercetin, and apigenin were found from 6% v/v
culture filtrate-treatments, which induced enhancement

about 3.34- fold in rutin and 51.96- fold in apigenin after
72 h, and 6.91- fold in quercetin after 96 h.

Expression level of genes affected by elicitation

The effect of MeJA and fungal elicitors on the expres-
sion levels of PAL, CHS, F3’H, UFGT, MYB3 and bHLH
genes was analyzed by real-time quantitive PCR in elic-
ited E carica hairy root cultures and compared with
the control. PAL The highest expression level of PAL
gene was observed post treatment with P indica cul-
ture filtrate elicitor with concentrations of 4% (26.72 fold
change) followed by 6% (21.56 fold change) after 96 and
72 h, respectively (Fig. 5, a). In the exposure of P, indica
cell extract elicitor, the PAL gene was expressed higher
in concentrations of 4% v/v (4.9 fold change) and 6% v/v
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(3.36 fold change) at 48 h post treatment. In the pres-
ence of MeJA elicitor, PAL gene expression was higher
in 72-h treatments with concentrations of 100 and 300
uM (2.7 and 2.31 fold change, respectively) compared to
other cases (Fig. 5, a). CHS The highest increase in the
expression of CHS gene was related to the MeJA elicitor
(55.1- fold change at 300 uM for 48 h) and next peaks was
related to the P, indica culture filtrate elicitor (35.63- fold
change at 4% v/v for 96 h, and 22.71-fold change at 6%
v/v for 48 h) compared to control(Fig. 5, b). F3’H The
highest expression peak of F3’H gene (34.33 fold change)
was obtained in the F carica hairy root cultures elicited
with 300 uM MeJA at 48 h (Fig. 5, c).The results showed
that in 48-h treatments with MeJA, the expression level
of F3’H gene gradually increased with the increase in the

elicitor concentration, so that it reached its highest level
at the concentration of 300 uM (Fig. 5, c). In the presence
of P indica cell extract elicitor, unlike P indica culture
filtrate elicitor, at 4% and 2% concentrations, F3’H gene
expression gradually increased with time and peaked at
96 h (27.28 and 25.2 fold change, respectively) compared
to control (Fig. 5, ). UFGT The level of UFGT expression
showed a first peak (27.57 fold change) at 72 h after treat-
ment with 6% medium culture filtrate and second peak
(18.13 fold change) at 48 h after treatment with 100 pM
MeJA (Fig. 5, d). In exposure to MeJA, 48-h treatments
with lower concentrations and 96-h treatments with
higher concentrations, and in exposure to P. indica cul-
ture filtrate and cell extract, 72-h treatments with higher
concentrations (exept 4% concentration) were more
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effective in increasing UFGT gene expression in com-
parison with control (Fig. 5, d). MYB3 The highest MYB
expression level was obtained at 48 h after 300 pM MeJA
exposure (32.22 fold change) compared to control (Fig. 5,
e). The next high levels of MYB expression were 30.38-
fold at 72 h with 6% v/v P. indica culture filtrate exposure,
and 28.44-fold at 48 h after exposure to 200 uM MeJA or
28.15-fold at 72 h after 6% v/v P. indica cell extract treat-
ment (Fig. 5, e). Therefore, in MeJA treatments, higher
concentrations at exposure times of 48 h and 96 h, and
in fungal treatments, the highest concentration (6% v/v)
at exposure time of 72 h caused higher levels of MYB
expression compared to control (Fig. 5, e). bHLH The
results showed that MeJA could enhance expression level
of bHLH in E carica cv. Siah hairy roots. The 48- and
96-h treatments with higher MeJA concentrations were
the leaders in increasing bPHLH expression, and therefore
the lowest increase in expression (1-2.54 fold change) was
observed in the 72-h treatments (Fig. 6). In this regard,
the maximum level of bHLH gene expression belonged
to the 48-h treatment (45.73 fold change) and then to the
96-h treatment (36 fold change) with 300 uM concentra-
tion of MeJA (Fig. 6).

Discussion

The current study has proven that elicitors can affect
growth index, total phenolic/flavonoid compounds,
antioxidant activity, transcriptomic level of some genes/
transcription factors involved in phenolic/flavonoid bio-
synthesis pathway, and concentration of some pheno-
lic acids and flavonoids in elicited hairy root cultures of
E carica var. Siah. It has been proposed that one of the
ways to increase the synthesis of secondary metabo-
lites in hairy root cultures is the use of elicitor in the
culture medium [35]. Elicitation can also be considered
an optimal controlled platform to investigate the stress
mechanism and possible defense responses of plant
cells [36]. Elicitors could induce stress conditions in in
vitro plant cultures, as a result lead to the activation of
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defense mechanisms, subsequently increase the bio-
synthesis and accumulation of secondary metabolites
and even the production of novel metabolites in cul-
tures [37, 38]. The elicitors used in this work were MeJA
(wellknown abiotic elicitor) and fungal elicitors, (culture
filtrate and cell extract of P indica as biotic elicitors).
We found that elicitation of E carica hairy roots with
MeJA caused a general decrease in the growth index of
hairy roots, but in fungal elicitation, hairy roots growth
index can increase or decrease depending on concentra-
tion and time of treatment. Biomass inhibition has been
reported as one of the effects of high concentrations of
elicitors [39]. Jasmonates including jasmonic acid (JA) or
methyl jasmonate (MeJA) are phytohormons that as sig-
nal transduction elicitor, play a master role in activating
the defense responses against pathogens and herbivores,
thereby shift metabolism from general to secondary
metabolism [40]. According to reports, the activation of
defense responses in plant often results in growth inhibi-
tion [40]. P indica resembles common arbuscular mycor-
rhizae that can be easily cultivated under in vitro axenic
conditions and used as elicitor [41]. It is reported that
elicitation of in vitro plant cultures of Artemisia annua
with P, indica culture filtrate improved the overall growth
including root and shoot length, fresh and dry weight
[42]. The positive effects of P. indica elicitor on in vitro
plant growth parameters may be related to its potential
in the synthesis of phytohormones, especially auxin [42].
Similar to MeJA, P. indica elicitors can also activate the
defense mechanism in plant cultures and improve the
synthesis of secondary metabolites depending on the
treatment concentration and incubation time [43-45].
The induction of plant defenses after elicitation is usu-
ally associated with changes in the content of a variety of
defensive secondary metabolites, including terpenoids,
flavonoids, alkaloids, polyphenols and phenylpropanoids
by inducing modifications in related defense genes
expression [46]. Fungal compounds mimic stress condi-
tions as an elicitor in plant cell cultures [47]. The present
study has confirmed that MeJA and fungal elicitors both
could induce different amounts of phenolic/flavonoid
compounds depending on the concentration and time of
treatment. It is clear that secondary metabolites accumu-
lation can be the result of changes in the expression level
of genes [48]. Therefore, in this study, to better under-
stand the changes in the content of phenolic/flavonoid
compounds by elicitation, key biosynthetic genes includ-
ing PAL, CHS, UFGT and F3’H genes and MYB3, bHLH
transcription factors were analyzed using qRT-PCR. In
our previous study, although due to the lack of expression
of F3’H and BHLH genes in the control sample, we failed
to analyze the expression of these genes after elicitation,
but we found that fungal elicitation was able to up-reg-
ulate PAL, CHS, and UFGT and MBYB3 genes in hairy
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root cultures of E carica cv. Sabz [8]. Based on this study,
in E carica cv. Siah hairy root cultures, the up-regula-
tion of CHS, F3’H, MYB3 and bHLH genes was induced
by MeJA elicitation, while significant highest expres-
sion level of PAL and UFGT genes was induced by fun-
gal elicitation. In our study, the expression level of PAL
gene showed positive significant correlation with TPC
(r=0.383, p<0.05), TFC (r=0.651, p<0.0001), and gallic
acid (r=514, p<0.01). The content of apigenin was sig-
nificant positively correlated with the expression level of
PAL, UFGT and MYB3 genes. The correlative positive of
different treatments (or different elicitors) on antioxidant
activity were as : positive significants between DPPH
and PAL expression level (r=0.779, p<0.01), gallic acid
(r=0.767, p<0.01), chlorogenic acid (r=0.787, p<0.01),
and rutin (r=685, p<0.05) after MeJA elicitation; posi-
tive significants between DPPH and MYB expression
level (r=604, p<0.05), and between FRAP and gallic acid
(r=0.578, p<0.05), coumaric acid (r=0.774, p<0.01), and
quercetin (r=0.629, p<0.05) after P, indica culture filtrate
elicitation; positive significants between DPPH and caf-
feic acid (r=0.705, p<0.05), clorogenic acid (r=0.693,
p<0.05), coumaric acid (r=0.595, p<0.05), and rutin
(r=0.651, p<0.05) after P, indica cell extract elicitation.

It has been reported that the MeJA elicitation improved
the content of rosmarinic acid, caffeic acid, chlorogenic
acid and cinnamic acid by increasing the relative expres-
sion level of PAL, C4H, 4CL and HPPR genes in Mentha
spicata hairy root cultures [49]. Increase in TPC, TFC,
rosmarinic acid accumulation and transcrional levels of
HPPR, PAL, C4H, 4CL1, 4CL2, and CYP98A10Igenes in
hairy root cultures of Prunella vulgaris was induced by
methyl jasmonate [21]. In the hairy root cultures of Cen-
tella asiatica (L.) Urban, 100 uM MeJA enhanced asiati-
coside production through increased CabAS (C. asiatica
putative B-amyrin synthase) gene expression 12 h after
elicitation [20]. Fungal elicitors (mycelia extracts of
Fusarium oxysporum f.sp. lini: non pathogenic, Phoma
exigua: pathogenic non necrotrophic and Botrytis cine-
rea: pathogenic necrotrophic) were able to significantly
increase hypericin and pseudohypericin, TPC, TFC,
total anthocyanins, total flavanols and enzymatic activ-
ity of PAL and chalcone isomerase (CHI) in Hypericum
perforatum L. cell cultures [47]. After P. indica elicitation,
defensive compounds flavonoids, echinacoside and acte-
oside were increased by increasing the activity of PAL
and cinnamyl alcohol dehydrogenase (CAD) enzymes
in Scrophularia striata cell culture [43]. In hairy roots
of Linum album, P. indica elicitors improved content of
lignin, lignans, cinnamic acid, ferulic acid, salicylic acid,
myricetin, kaempferol, diosmin and the expression level
of PAL, cinnamyl alcohol dehydrogenase (CAD), cinnam-
oyl-CoA reductase (CCR), and pinoresinol-lariciresinol
reductase (PLR) genes [50].
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It should be noted, however, that although gene expres-
sion and production of phenolic/flavonoid compounds
were measured at the same times, any correlation
between these two events was not necessarily imme-
diately apparent. There is usually a delay between gene
expression and the synthesis of secondary metabolites
especially in in vitro cultures, as other factors such as
post-transcriptional and post-translational regulation
may also be involved [48].

Conclusions

In order to best understanding of the effect of elicita-
tion on secondary metabolism, we have been studying
the effect of MeJA and fungal elicitors on gene regulation
and secondary metabolites biosynthesis in hairy root cul-
tures of Ficus carica. cv. Siah. MeJA and fungal agents,
depending on the concentration and time of exposure,
were caused changes in the expression level of biosyn-
thetic genes (PAL, CHS, F3’H, UFGT, MYB3, bHLH) and
phenol/flavonoid content in Ficus carica. cv. Siah hairy
root cultures. Fungal elicitors, especially culture filtrate,
despite having no negative effect (except in a few cases)
on elicited-hairy roots growth, proved to have the scale
up potential for industrial applications to enhance anti-
oxidant secondary metabolites in hairy root cultures of
Ficus carica. cv. Siah. Therefore, this study provided a
strong foundation for new insights into the elicitation
process and its positive effects on secondary metabolism,
which could be useful for metabolic engineering F. carica
hairy roots.
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ANOVA Analysis Of Variance

bHLH Basic Helix-Loop-Helix
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F3'H Flavonoid 3’-Hydroxylase
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GAE Gallic Acid

HPLC High Performance Liquid Chromatography

HR Hairy Root

MelJA Methyl Jasmonate

MS medium Murashige and Skoog medium

PAL Phenylalanine Ammonia-Lyase

PCR Polymerase Chain Reaction

QE quercetin

Real Time RT-PCR  Real-Time Reverse Transcription—Polymerase Chain
Reaction

TPC Total Phenolic Compounds

SD Standard Deviation

TFC Total Flavonoid Compounds

UFGT UDP-Glucose Flavonoid 3-O-Glucosyltransferase
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