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Abstract

Mentha spicata L., as a rich source of phenolic acids, is known for its therapeutic importance. Elicitors play a crucial role in
biosynthetic pathways to improve plant secondary metabolites production. The purpose of this study was to investigate the
effect of methyl jasmonate (MeJA) as a potent elicitor, on phenolic acids production and the relative changes in expression
of their biosynthesis-related key genes (PAL, TAT, C4H, HPPR, and 4CL) in M. spicata hairy root cultures, to elucidate the
interrelation between phenolic acids accumulation and the regulation mechanism of gene expression. The results showed
that the relative expression levels of phenylpropanoid pathway genes, i.e., PAL, C4H, 4CL, and HPPR in the tyrosine-derived
pathway increased 4.04-fold, 3.62-fold, 1.75-fold, and 1.45-fold in comparison to untreated controls, respectively. High-
performance liquid chromatography analysis indicated that MeJA dramatically increased rosmarinic acid content (55.44
ug g~! dry wt, about 11.84-fold) after 6 h exposure to elicitor. Moreover, caffeic acid, chlorogenic acid, and cinnamic acid
contents were also enhanced significantly (p <0.05) in response to MeJA treatment. On the other hand, the application of
MeJA had a negative effect on both TAT expression level and lithospermic acid B accumulation. Our results implied that
MelJA has a significant impact on RA, CA, CGA, and CIA accumulation, which might be the consequence of gene activa-
tion from the phenylpropanoid pathway (PAL, C4H, and 4CL) and HPPR, a key regulatory enzyme of the tyrosine-derived
pathway in the elicitor-treated hairy root cultures of M. spicata.

Key message
MelA is an effective elicitor for stimulating valuable phenolic acids production in M. spicata hairy root cultures.
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Introduction

High-value plant secondary metabolites have gained atten-
tion during the last few years due to their pharmaceutical
and industrial importance (Guerriero et al. 2018). The bio-
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Stress as an important factor regulates the formation of many
secondary metabolites (Chezem and Clay 2016; Naik and
Al-Khayri 2016). Improving the production of these second-
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and occur in varying quantities in medicinal plants of the
Lamiaceae family (Zgérka and Glowniak 2001). Mentha
spicata L. with the common name of spearmint or garden
mint belongs to the Lamiaceae (Labiatae) family. This aro-
matic perennial herbaceous plant is widespread in regions
with tropical and temperate climates, such as Europe, North
America, Australia, and Asia, as well as most parts of Iran
(Ay Kee et al. 2017; Dorman et al. 2003; Cirlini et al. 2016).
Spearmint as a rich source of phenolic acids with antioxidant
(Ay Kee et al. 2017; Dorman et al. 2003; Cirlini et al. 2016;
Kanatt et al. 2007; Bimakr et al. 2011), antiviral, antifungal
(Bayan and Kiisek 2018), antimicrobial (Ay Kee et al. 2017,
Dorman et al. 2003; Cirlini et al. 2016) and anti-fever prop-
erties possess therapeutic value since ancient centuries (Ay
Kee et al. 2017).

The main phenolic acids such as rosmarinic acid (RA),
chlorogenic acid (CGA), caffeic acid (CA), lithospermic
acid B (LAB) and #-cinnamic acid (CIA) are mainly pro-
duced through the phenylpropanoid pathway. RA and CGA
which are CA esters also serve as defense compounds in
plants (Petersen et al. 2009). It has been suggested that two
aromatic amino acids Phenylalanine and Tyrosine contrib-
ute in the biosynthesis of RA via two parallel and conjunct
pathways (Fig. 1). The general phenylpropanoid pathway
encompasses three steps which are catalyzed by phenyla-
lanine ammonia-lyase (PAL), cinnamic acid 4-hydroxylase
(C4H) and hydroxy Cinnamate: CoA Ligase (4CL). The
transformation of tyrosine to 4-hydroxyphenyllactic acid is
catalyzed by the enzymes of the tyrosine-derived pathway
tyrosine aminotransferase (TAT) and 4-hydroxyphenylpyru-
vate reductase (HPPR). In the next step, 4-coumaroyl-CoA
and 4-hydroxyphenyllactic acid as the resultants of the phe-
nylpropanoid and tyrosine-derived pathways are conjugate
with each other by rosmarinic acid synthase (RAS). The
generation of RA is finalized by hydroxylation activity of
3-hydroxycinnamoyl (3-H) and 3’ hydroxycinnamoyl (3'-H)
(Kanatt et al. 2007; Bimakr et al. 2011; Bayan and Kiisek
2018; Petersen et al. 2009). LAB is considered as a dimer of
RA although the detailed biosynthetic pathway of LAB from
RA has not been characterized up to the present (Hao et al.
2016; Zhang et al. 2014; Petersen and Simmonds 2003).

Induction of hairy root by wild-type Agrobacterium rhizo-
genes, a gram-negative soil bacterium, is a high-efficiency
biotechnological approach to produce active plant ingre-
dients. Hairy root cultures provide many advantages as a
persistent source for the production of valuable secondary
metabolites such as rapid growth rate, lateral branching, bio-
chemical and genetic stability, and capability to synthesize
secondary metabolites at comparable values to natural plant
roots (Zhang et al. 2014; Md Setamam et al. 2014; Pistelli
et al. 2010).

Elicitors are one of the momentous factors which trigger
the defense responses in plants, leading to the accumulation
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of target secondary metabolites (Naik and Al-Khayri 2016).
Phytohormones as efficient elicitors stimulate growth and sec-
ondary metabolite production in hairy root cultures (Sharifi
et al. 2014; Liang et al. 2013; Kim et al. 2013). Application of
phytohormones such as indole-3-butyric acid (IBA) (Sharifi
et al. 2014; Marsh et al. 2014), abscisic acid (ABA), and gib-
berellic acid 3 (GA3) (Liang et al. 2013) in hairy root cultures
has been reported in several literatures. Compared to other
phytohormones, IBA is responsible for secondary root forma-
tion in hairy root cultures (Kim et al. 2012). Methyl jasmonate
(MeJA) as a signal molecule has an important role in the sig-
nal transduction pathway. It is considered as a potent abiotic
elicitor which is applied exogenously in plant cell and tissue
cultures to induce the production of desirable secondary com-
pounds (Narayani and Srivastava 2017; Naik and Al-Khayri
2016; Lijavetzky et al. 2008; Xing et al. 2018; Gai et al. 2019;
Pilaisangsuree et al. 2018). MeJA has been widely used to
study the regulation of secondary metabolism in hairy root
and cell cultures of several medicinal plants such as Salvia
miltiorrhiza (Zhang et al. 2014; Xiao et al. 2009; Xing et al.
2018) and Agastache rugosa (Kim et al. 2013). Several studies
have reported that MeJA (100 uM) positively affecting the ros-
marinic acid and lithospermic acid B accumulation, as well as
the expression levels of the related key genes in Salvia miltior-
rhiza hairy root cultures (Xiao et al. 2009; Zhang et al. 2014;
Xing et al. 2018). In another report, MeJA had an important
impact on the activation of the phenylpropanoid pathway genes
in addition to the induction of RA in A. rugosa suspension
cultures (Kim et al. 2013). Despite the availability of several
types of research about improving the production of phenolic
compounds in some species of the Lamiaceae family by using
elicitors such as MeJA, to the best of our knowledge, there
have been no studies investigating the effect of MeJA on phe-
nolic acids production in hairy root cultures of Mentha spicata.

In the current study, after evaluation of the IBA effect on
hairy root growth, MeJA was used as an elicitor to investi-
gate its effect on desired phenolic acids production in M. spi-
cata hairy root cultures. Furthermore, the relative changes
in expression of several genes (PAL, TAT, C4H, HPPR, and
4CL) encoding key enzymes in the two phenylpropanoid and
tyrosine-derived pathways were monitored to elucidate the
interrelation between desired phenolic acids accumulation
in response to MeJA stress and the regulation mechanism
of gene expression.

Materials and methods
Agrobacterium rhizogenes growth
Agrobacterium rhizogenes strain A13 was provided by

the bank of microbes at NIGEB (Tehran, Iran). The bac-
terial strain initiated from glycerol stocks was cultured
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Fig.1 The biosynthesis pathway of caffeic acid, chlorogenic acid,
rosmarinic acid and lithospermic acid B. PAL— phenylalanine
ammonia-lyase; TAT — tyrosine aminotransferase; C4H— cinnamic

in 5 ml of liquid Luria—Bertani (LB) medium on a rotary
shaker (180 rpm) at 28 °C for 48 h. The bacterial strain
was streaked on solidified LB medium and incubated at
28 °C for 48 h.

acid 4-hydroxylase; HPPR — 4-hydroxyphenylpyruvate reductase;
4CL — hydroxycinnamate coenzyme A ligase; RAS — rosmarinic
acid synthase

Plant and establishment of hairy root culture

The cuttings of M. spicata were collected from Kerman,
Iran and after approval by voucher specimens; they were
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grown in vitro at the phytotron of Iran National Institute
of Genetic engineering and Biotechnology. Internode seg-
ments were surface sterilized with ethanol 70% (3 min) and
1% (v/v) commercial bleach containing one drop of Tween
20% (3—4 min) followed by three times rinse with sterile
double distilled water. Hairy root induction was carried out
by infection of explants with the strain A13 of A. rhizogenes
according to our previous results (Yousefian et al. 2020).
Briefly, internode segments were directly punctured using
a needle infected by bacterial paste and then inoculated on
full-strength MS medium containing 30 g L™! sucrose and
solidified with 8 g L™! agar (pH5.7) at 25 °C in the dark.
After 48 h, the explants were washed with 250 mg L' cefo-
taxime (Exir pharmaceutical co. Iran) solution to eradicate
the remaining bacteria and followed by drying on sterile
filter paper, they were transferred to full-strength MS solid
medium containing 250 mg L~! cefotaxime (pHS5.7). The
emerging hairy roots at the injured sites were moved to Petri
dishes containing full-strength MS solid medium supple-
mented with 250 mg L~! cefotaxime. After approximately 2
weeks, hairy root lines that showed superior growth and lat-
eral branching were inoculated in 50 ml of half-strength MS
liquid medium with an initial biomass of 0.3 g. The flasks
were incubated at 25 °C on a gyratory shaker at 110 rpm in
the dark. Hairy roots were sub-cultured at 14-day intervals
into fresh medium while the concentration of cefotaxime
was halved each time.

Preparation and treatment of IBA

IBA (Duchefa Biochemie, Netherland) was dissolved in
NaOH, filter-sterilized (Orange scientific 0.2 pum) and added
in 50 ml of autoclaved half-strength MS liquid medium
(pH5.7) with a final concentration of 0.3 mg L™". To draw
growth curve, hairy roots were cultured in half-strength
MS medium supplemented with IBA for approximately 5
months. Half-strength MS medium without IBA was con-
sidered as control culture. Each treatment was performed in
three independent flasks. The growth index was calculated
by the following formula (Bauer et al. 2009):

Gl(gr/1) = (final FW — initial FW)/initial FW

MelJA preparation and treatment

MelJA (Sigma-Aldrich, USA) was dissolved in distilled water
and filter-sterilized through 0.2 pm filters (Orange scien-
tific). The stock solution (100 mM) was added to autoclaved
half-strength MS liquid medium (pHS5.7) (50 pl in 50 ml
medium) to give a final concentration of 100 uM.

MelJA treatment was performed on day 87 post-inocu-
lation (the end of the exponential growth phase) and hairy
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roots were transferred into fresh medium supplemented with
filter-sterilized MeJA (with a final concentration of 100 uM).
Half-strength MS medium without MeJA was used for con-
trol roots. Three independent biological replicates were
considered for experiments. Based on a time-course study,
about 1 g of the hairy roots was harvested from the culture
medium at 0, 3, 6, 12, 24, and 48 h for RNA isolation. The
remaining part was harvested for extraction at 0, 3, 6, 12, 24,
48, 72 and 96 h post-treatment. We presumed that induction
of gene expression at earlier time points may induce the
production of some phenolic acids at later time points. Fresh
weight (FW) was determined after washing the hairy roots
by distilled water and blotted dry by filter paper. Dry weight
(dry wt) of hairy roots was measured after lyophilisation.

Nucleic acid isolation and cDNA synthesis

Genomic DNA of M. spicata transformed hairy roots and
non-transformed roots were extracted by the modified CTAB
method (Khan et al. 2007) to confirm the presence of the
rolB gene by PCR (non-transformed roots served as negative
control) (The sequences of primers are listed in Table S1, in
supplementary data).

Total RNA was extracted at selected times based on the
method described by Esmaeili et al. (2016) (Fig. S3). The
concentration and the quality of RNA were assessed using
NanoDrop™ 2000 spectrophotometer (Thermo Scientific,
USA) and agarose gel electrophoresis. Immediately after
erasing the genomic DNA contamination (Fermentas DNase,
USA), cDNA was synthesized from DNase-treated RNA by
using SuPrime Script RTase according to the manufacturer’s
instruction of GeNet Bio kit (Daejeon, Korea).

Molecular cloning of partial sequences of MsPAL,
MSsTAT, and Ms4CL genes

Given that the sequences of key genes involved in phe-
nolic acids biosynthesis such as PAL, TAT, and 4CL have
not been reported in M. spicata yet, nucleotide sequences
of the desired genes from some other species in the family
Lamiaceae being available in NCBI (https://www.ncbi.nlm.
nih.gov/), were retrieved. Multiple sequence alignment was
carried out and suitable primers were designed using Oligo7
software (Rychlik 2007) based on the conserved regions of
the sequences. Cloning of the desired part of the genes was
performed using the TA-cloning kit (Thermo Scientific,
Lithuania). Distinct vectors comprising partial sequences
of MsPAL, MsTAT, and Ms4CL genes were sequenced.
Appropriate primers were designed to detect the transcript
levels of MsC4H and MsHPPR genes, based on the full-
length sequences of mentioned genes in M. spicata which
have been cloned previously in our laboratory (Genebank
accession numbers: MH208309 and MG893898).
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Quantitative real-time PCR

Real-time PCR reactions to detect gene expression levels of
PAL, TAT, C4H, HPPR, and 4CL, were performed using a
micPCR system (BioMolecular systems, Australia). (Gene-
specific primers are listed in Table S1, in supplementary
data). The reaction was carried out in a total volume of 10
pl, containing 5 pl of 2X real-time PCR master mix includ-
ing SYBR green I (Biofact™, South Korea), 0.4 uM of each
specific primer and 1 pl of 1/20 diluted cDNA (approxi-
mately 50 ng) as a template. Quantitative real-time PCR
(qRT-PCR) conditions were as follows: pre-denaturation
at 94 °C for 5 min (1 cycle), denaturation at 94 °C for 30
s, annealing for 30 s at a given temperature and the final
step of collection fluorescence at 72 °C for 30 s (40 cycles).
A part of the B-actin gene was used as an internal control
(Genebank accession number: KM044035.1) and the relative
changes in gene expression were quantified by the compara-
tive CT method (Livak and Schmittgen 2001). The reactions
were conducted in triplicate and the results are expressed as
mean + SD.

Extraction and HPLC analysis of phenolic acids

Freeze-dried hairy root samples, harvested at specific times,
were finely powdered by a mortar and pestle. 50 mg of the
tissue was extracted twice with 10 ml of 60% ethanol under
sonication (Elma Ultrasonics, Germany) at 40 °C for 30 min
followed by centrifuge at 10,000 rpm for 30 min. The super-
natant was filtered through a 0.2 um filter (Orange scientific)
and the solvent was evaporated by rotary evaporator (Buchi
rotavapor, Switzerland) at 40 °C. Extracts were dissolved
in 1 ml of HPLC grade ethanol for HPLC analysis. To con-
struct standard curves, a multi-level calibration method was
performed. Standard solutions of RA, CA, LAB, CGA and
CIA (purchased from Sigma-Aldrich, USA) were prepared
at five concentrations in the range of 50, 25, 12.5, 6.25 and
1.5 mg L™". Phenolic acids quantification was conducted on
a Knauer HPLC system (Berlin, Germany) equipped with a
K-1001 HPLC pump, a Rheodyne injector including 20 pL
sample loops model 77251 and a K-2800 photodiode array
detector (PDA). A stainless steel Reversed-Phase C,¢ col-
umn (150 mm x4.6 mm, 5 um particle size, 100 A, Beck-
man, USA) was used to perform chromatography assess-
ments at room temperature and the chromatographic data
were monitored by EZChrom Elite software. The flow rate
was 0.7 ml min~!. Desired phenolic acid compounds were
detected at 275, 300 and 320 nm and the injection volume of
the sample was 20 pl. Solvent (A): HPLC-grade water with
0.02% trifluoroacetic acid (TFA) and solvent (B): 0.02%
TFA in methanol, were used as the mobile phase. The fol-
lowing gradient elution was applied for separation of five
major phenolic acids: 05 min, 5% solvent B which reaches

to 15% within 20 min; 20-25 min, 35% solvent B; 25-45
min, 55% solvent B, and at 45-55 min solvent B reaches
to 100%.

Statistical analysis

Graph-Pad Prism 8 statistical software was used to analyze
hairy root cultures treated with MeJA at each time point.
Phenolic acids accumulation and gene expression data were
analyzed by the two-way ANOVA, and subsequently, with
the post-hoc Tukey’s test. Results were designated signifi-
cant when the p-value <0.05 (0.01 <p<0.05%, p <0.01%%).

Results
Effect of IBA on hairy root growth in liquid medium

The growth rate of hairy roots was improved by the treat-
ment of IBA into liquid half-strength MS medium. After
approximately 5 months, the biomass of hairy roots in
medium supplemented with 0.3 mg L™ IBA increased 27.7-
fold compared to a 5.2-fold increase of biomass in the con-
trol medium without IBA (Fig. 2). Moreover, as shown in
Fig. 3, the application of IBA caused more lateral branching
of hairy roots (Fig. 3).

Molecular confirmation of M. spicata transformed
hairy roots by PCR

The presence of the rolB gene in A. rhizogenes transformed
roots was confirmed by amplification of a 430 bp fragment
through PCR analysis using specific primers. A. rhizo-
genes plasmid was used as a positive control. The expected

IBA T
26 ~@-CONTROL i b

Growth index
&

0 20 40 60 80 100 120 140 160 180
DAY

Fig.2 Hairy root growth index in half-strength MS medium supple-
mented with (green) and without IBA (red) by Comparison. The ver-
tical bars represent standard deviations (n=3). (Color figure online)
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IBA

Control

Fig.3 Comparative growth and lateral branching of hairy roots in half-strength MS medium supplemented with (a) and without IBA (b) after

nearly 5 months. ¢ Close up image of hairy root branches

fragment was not amplified in the genomic DNA of non-
transformed roots as the negative control (Supplementary
Fig. S1).

Partial cDNA clone sequencing of MsPAL, MsTAT,
and Ms4CL genes

The designed primers mentioned above (Table S1, in sup-
plementary data), was used for amplification and cloning
of the partial sequences of PAL, TAT and 4CL genes in M.
spicata (MsPAL, MsTAT, and Ms4CL) with lengths of 146,
145 and 147 bp, respectively. Two clones of each gene were
randomly sequenced. Sequencing of the inserts showed that
both clones from each of the MsPAL, MsTAT, and Ms4CL
genes had identical nucleotide sequences. The partial cDNA
sequences of MsPAL, MsTAT, and Ms4CL genes were sub-
mitted to the NCBI EST database and their accession num-
bers are JZ977300.1, J2977299.1, and JZ977301.1, respec-
tively. A BLAST search revealed that the partial nucleotide
sequences of MsPAL, MsTAT, and Ms4CL genes had high
homology with PAL, TAT and 4CL genes from other species
of the Lamiaceae family. Multi-alignment analysis indicated
that MsTAT shares 92% identity to SKhTAT from Satureja
khuzistanica (KY682078.1) and SmTAT from Salvia milti-
orrhiza (DQ334606.1). Besides, MsPAL from M. spicata
shares 97% identity to SkhPAL from Satureja khuzistanica
(KY682076.1) and 91% identity to SmPAL from Salvia milti-
orrhiza (DQ408636.1). Finally, Ms4CL shares 86% identity
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to Sm4CL from Salvia miltiorrhiza (AY237163.1) (Supple-
mentary Fig. S2).

Effect of MeJA on the expression profile of genes
related to the phenylpropanoid and tyrosin-derived
pathways in M. spicata hairy roots

In order to investigate the effect of MeJA treatment on
expression levels of genes related to the phenolic acids
biosynthetic pathway, real-time qRT-PCR was performed.
The relative expression levels of MsPAL, MsC4H, Ms4CL,
MsTAT, and MsHPPR genes were analyzed at 3, 6, 12,
24, and 48 h after treatment with MeJA. As shown in
Fig. 4, statistically significant changes were detected in
the expression levels of all genes in response to elicitor
treatment. A significant increase (about 4.04-fold of con-
trol) in the transcription value of MsPAL, the entry point
enzyme of the phenylpropanoid pathway, was observed
at 12 h post-MeJA treatment. The results showed an
increase in the transcription value of MsC4H (the sec-
ond enzyme in the phenylpropanoid pathway) shortly
(at 3 h) after the MeJA application. Moreover, the maxi-
mum expression levels of MsC4H and Ms4CL reached
about 3.62 and 1.75-fold higher than the control at 6 h
post-treatment, respectively. It would appear that the
expression of Ms4CL was reinduced at 24 and 48 h fol-
lowed by a reduction at 12 h post-treatment. Apart from
MSsTAT (the first enzyme in the tyrosine-derived path-
way), Fig. 4 clearly indicates that the transcription value
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Fig.4 Effect of MeJA treatment on expression levels of related genes
in the phenylpropanoid and tyrosin-derived pathways in M. spicata
hairy roots cultures. Green columns and blue columns represent the
untreated control and the MeJA treatment, respectively. The vertical

of all genes significantly stimulated after 6 h of exposure
to MeJA. Additionally, the maximum transcription level
of MsHPPR at 6 h, reached about 1.45-fold of the con-
trol. Thereafter, the expression of MsPAL, MsHPPR, and
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bars represent standard deviations (n=3) and the asterisks indicate
statistically significant differences at p-value <0.05 (0.01 <p <0.05%,
p<0.01*%*) between the expression levels in the MeJA treated cul-
tures and that in the corresponding controls. (Color figure online)

MsC4H dropped at later time points. In comparison, the
expression level of MsTAT at 3 and 12 h remained lower
than the control and it was suppressed at 6, 24 and 48 h
after initial exposure to MeJA.
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Effect of MeJA on phenolic acids accumulation in M.
spicata hairy roots

The time-course analysis of five phenolic acids contents,
including RA, CA, CGA, LAB, and CIA in M. spicata hairy
roots treated by 100 uM MelJA is presented in Fig. 5. MeJA
induced significant changes in the accumulation levels of
phenolic acids. Effect of MeJA on CIA and CGA accumula-
tion levels was conspicuous at later stages of the elicitation
(48, 72, and 96 h after elicitor treatment) with the maxi-
mum level of 1.98-fold (43.06 pug g~! dry wt) and 1.7-fold
(15.56 pg g~! dry wt) higher than the control at 72 h after
MelJA treatment, respectively. CA and RA were significantly
(» <0.05) induced shortly (at 3 h) after the MeJA applica-
tion. The maximum contents of CA were observed at 3 h
(183.49 pg g~! dry wt) and 6 h post-treatment (159.19 pg
g~ dry wt) about 1.7 and 1.47-fold of control, respectively.
Despite significant fluctuations, the RA accumulation was
higher than the control samples at every time point, with
maximum level reaching about 11.84-fold (55.44 pg g~! dry
wt) more than the control sample at 6 h post-treatment. In
other words, MeJA is a potent inducer of RA. Of the five
quantified phenolic acids, MeJA treatment had a negative
effect (p <0.05) on LAB accumulation, the minimum con-
tent (24.21 pg g~! dry wt, about 2.38-fold lower than the
control) was observed at 24 h post-treatment.

Correlation between gene expression levels
and phenolic acids accumulation

To study the possible correlation between the expression
profiles of the key genes (MsPAL, MsC4H, Ms4CL, MsTAT,
and MsHPPR) involved in phenolic acids biosynthetic path-
way and five phenolic acids (RA, CA, CGA, LAB, and CIA)
accumulation in MeJA-treated hairy root cultures, a correla-
tion analysis using Pearson’s correlation coefficient (r) was
performed (Table 1).

Table 1 indicates that the expression profiles of MsPAL
and MsC4H are positively correlated with RA synthesis
in M. spicata hairy root cultures in the presence of MeJA.
Moreover, significantly positive correlations between
MsC4H and CA accumulation, and MsTAT and LAB pro-
duction were observed.

Discussion

Secondary metabolites are bioactive chemical com-
pounds that are synthesized by plants in response to
biotic and abiotic stresses and elicitors (Guerriero et al.
2018). Among the different classes of plant secondary
metabolites, phenolic compounds comprise the largest
group (Hussein and El-Anssary 2018). Phenolic acids are
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ubiquitous compounds (Hussein and El-Anssary 2018;
Mandal et al. 2010) with a wide range of pharmacologi-
cal effects, such as antimicrobial, antioxidant (Ghasemza-
deh and Ghasemzadeh 2011), antiviral (Ziakova and
Brandsteterova 2003) and anti-inflammatory (Xing et al.
2018) activities. The antioxidant activity of phenolic acids
such as rosmarinic acid can provide protection against
many oxidative stress-related diseases like cancer. These
compounds are used in cosmetology and dermatology due
to the health-promoting activities (Petersen and Simmonds
2003; Soto et al. 2015). Phenolic acids are produced as
a defense response to protect plants from adverse envi-
ronmental conditions (Ghasemzadeh and Ghasemzadeh
2011) and present abundantly in plants belonging to the
Lamiaceae family, (Ziakova and BrandS$teterova 2003)
especially M. spicata. (Ay Kee et al. 2017).

Scientific and commercial attention to medicinal plants
has been increased due to their pharmaceutical importance.
Therefore, growing demand for exploitation of wild plant
populations has put many medicinal plant species at risk of
extinction (Singh and Dwivedi 2018). Plant tissue culture
techniques such as hairy root induction by A. rhizogenes
and elicitation to promote the accumulation of high-value
secondary metabolites provide an efficient method for the
production of important pharmaceutical compounds with-
out a negative impact on biodiversity and natural resources
(Singh and Dwivedi 2018; Gongalves and Romano 2018).
In the current study, hairy root cultures of M. spicata were
successfully established by using A. rhizogenes strain A13.
Whereas it has been confirmed that the rolB gene has an
essential role in hairy root induction (Nourozi et al. 2014;
Pavlova et al. 2014), the presence of this gene in hairy root
lines was detected by polymerase chain reaction (PCR)
analysis. Optimization of the hairy roots culture conditions
and the application of phytohormones offer opportunities
for obtaining high-yield lines and large-scale production of
hairy roots biomass (Sharifi et al. 2014). Auxin phytohor-
mones play a central role in root development and growth
(Park et al. 2016; Overvoorde et al. 2010). Based on several
published literatures among the plant growth regulators of
auxin, IBA as an auxin-type hormone is greatly responsible
for secondary root formation in hairy root cultures (Kim
et al. 2012). It has been reported that IBA accelerates the
growth and increases the biomass of hairy roots in Tribulus
terrestris (Sharifi et al. 2014) and Scutellaria lateriflora,
respectively (Marsh et al. 2014). Yang et al. (2010) evaluated
the effect of various concentrations of auxins and polyam-
ines on hairy root growth and rosmarinic acid production in
Nepeta cataria and reported that IBA was the most effective
auxin-type hormone which increased both growth rate and
RA content (Yang et al. 2010).

In order to obtain sufficient biomass of hairy roots for fur-
ther MeJA treatment, hairy root lines with superior growth
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Fig.5 Effect of MeJA on phenolic acids accumulation in M. spicata
hairy root cultures. Green columns and blue columns represent the
untreated control and the MeJA treatment, respectively. The vertical
bars represent standard deviations (n=3) and the asterisks indicate
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statistically significant differences at p-value < 0.05 (0.01 <p <0.05%,
p<0.01**) between the phenolic acids accumulation in the MeJA
treated cultures and that in the corresponding controls. (Color figure
online)
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Table 1 Pearson correlation
coefficients between the relative

PAL C4H 4CL HPPR  TAT RA CA CGA LAB CIA

expression levels of MsPAL, PAL 1 0240 -0336 0.760%* —0.015 0.443*  0.009 —0.492* —0.552*% —0.154

%;g:? ’gﬁziﬁb]‘g‘iﬁg’r L. o i 0424  0523%%—0367  0.730%* 0523%* —0378 —0309 —0226

phenolic acids 4CL 1 —0222 -0618* 0121 —0.052 —0.182 —0.131  0.138
HPPR 1 0.209 0.385 0.208 —0.523* —0357 —0.370
TAT 1 —0480* 0.179 0279  0.532*% —0.297
RA 1 0.626%* —0.089 —0.317  0.157
CA 1 0417 0419  0.124
CGA 1 0.827#% (.645%*
LAB 1 0.464
CIA 1

The asterisks indicate statistically significant differences at p-value < 0.05 (0.01 <p <0.05%, p <0.01%%)

and lateral branching were transferred to half-strength MS
liquid medium supplemented with 0.3 mg L™ IBA. In our
experiments, application of 0.3 mg L~! IBA significantly
improved the growth rate of M. spicata’s hairy roots. The
positive effect of IBA on the growth rate of hairy roots was
in accordance with previous studies (Sharifi et al. 2014).

The capability of MeJA as an important signaling mol-
ecule to enhance the production of various secondary
metabolites by inducing the expression of related genes has
been well documented (Lijavetzky et al. 2008; Xiao et al.
2009; Ruan et al. 2019; Xing et al. 2018). Some reports have
indicated that MeJA increases the accumulation of phenolic
acids. MeJA enhanced rosmarinic acid and lithospermic
acid B in Salvia miltiorrhiza hairy root cultures (Xiao et al.
2009; Zhang et al. 2014). Besides, the application of MeJA
in Coleus blumei (Bauer et al. 2009), Coleus forskohlii hairy
root cultures and Agastache rugosa Kuntze cell cultures
stimulated RA accumulation (Xiao et al. 2009; Kim et al.
2013). Mizukami et al. (1993) reported a tenfold increase
of RA content in the MeJA-treated cells of Lithospermum
erythrorhizon (Mizukami et al. 1993). In this study, in order
to elucidate the regulatory mechanism of phenolic acids pro-
duction in response to MeJA treatment in hairy root cultures
of M. spicata, the phenolic acids accumulation, as well as
the expression level of several related key genes, were inves-
tigated at different time points. The results showed that the
treatment with MeJA (100 uM) greatly enhanced the RA
content about 11.84-fold more than the control sample. The
expression profile analysis of phenolic acid biosynthesis-
related genes indicated that the increased relative expression
levels of MsPAL and MsC4H at 6 h post-treatment correlated
with the induced RA accumulation. According to Table 1,
significant positive correlations between the two phenylpro-
panoid pathway genes (MsPAL and MsC4H) and RA content
were observed.

The deamination of phenylalanine by the entry point
enzyme of the phenylpropanoid pathway, PAL, generates
CIA (Hao et al. 2016; Zhang et al. 2014; Petersen and
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Simmonds 2003; Petersen et al. 2009) which is converted
by cinnamic acid 4-hydroxylase (C4H) and p-coumarate
3-hydroxylase (C3H) to CA as an important intermediate
of the phenylpropanoid pathway (Lin and Yan 2012). CA
accumulation was significantly (p <0.05) induced shortly (at
3 h) after the MeJA application, while the CIA content was
not affected at the early stages of the elicitation. This might
be attributed to its role as a precursor being transformed to
produce more RA and CA. Moreover, a significant positive
correlation was observed between the expression level of
MsC4H and CA accumulation at 3 h and 6 h after MeJA
treatment (Table 1). CGA is an ester of CA and their biosyn-
thesis share the general phenylpropanoid pathway (Petersen
et al. 2009). Elevated levels of CGA content in MeJA-treated
hairy roots at later time points was observed in parallel with
the reduction of CA accumulation. Increased production
of CGA may results in more precursor transformation (the
maximum content was observed at 72 h post-treatment).

The significant increase of MsPAL transcription value at
12 h post-treatment coincided with a decrease in MsC4H
and Ms4CL expression levels at the same time. It can be
interpreted as a feedback inhibition of RA, the final product
of the phenylpropanoid pathway. As shown in Fig. 1, 4CL
is responsible for the reaction that generates 4-Coumaroyl-
CoA as the substrate for the branch pathway responsible for
the CGA synthesis. The reinduction of Ms4CL at 24 and 48
h may affect the production of CGA at later stages of MeJA
elicitation.

The enhanced transcription value of MsHPPR from the
tyrosine-derived pathway was consistent with the expres-
sion level changes of MsPAL and RA accumulation. On the
other hand, the application of MeJA had a negative effect on
both MsTAT expression level and LAB accumulation which
remained lower than the control at every time points. The
maximum content of LAB (57.60 ug g~! dry wt, approxi-
mately equal value to the control sample) was observed at
96 h post-treatment. The results of the correlation analysis
also confirmed the significant positive correlation of LAB
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content and MsTAT expression level (Table 1). This result
is supported by a report from Xiao et al. (2009) who stud-
ied the correlation between the phenolic acids accumulation
and the expression profile of six related genes. They con-
cluded that TAT expression is mainly correlated with LAB
accumulation, while HPPR expression is more correlated
with RA content, in the statistical sense (Xiao et al. 2009).
Furthermore, the suppression of MsTAT expression at 6 h
after the MeJA treatment may be due to the feedback inhibi-
tion. High-level production of RA, the final product of the
tyrosine-derived pathway, within 6 h may inhibit the action
of MsTAT, the entry point enzyme of the pathway, to prevent
the further synthesis of this metabolite. The observations in
the current study are coincident with the report from Kim
et al. (2013) who indicated that MeJA treatment in cell sus-
pension cultures of A. rugosa increased the transcript levels
of phenylpropanoid biosynthetic genes, ArPAL, Ar4CL, and
ArC4H, which resulted in enhanced RA accumulation (Kim
et al. 2013). In another report by Mizukami et al. (1993),
elicitation with MeJA in L. erythrorhizon cell suspension
cultures induced PAL and HPPR activities rapidly, whereas
TAT activity was slightly increased (Mizukami et al. 1993).

Our findings in this study indicated that the applica-
tion of MeJA increased the relative expression levels of
MsPAL, MsC4H, and Ms4CL, key genes in the phenylpro-
panoid pathway. In comparison, the transcript of MsHPPR
in the tyrosine-derived pathway was more sensitive to the
elicitor treatment relative to MsTAT.

Conclusion

For the first time, we investigated the effect of MeJA on
phenolic acids production, as well as the relative changes
in expression levels of several genes (MsPAL, MsTAT,
MsC4H, MsHPPR, and Ms4CL) encoding key enzymes in
the two phenylpropanoid and tyrosine-derived pathways in
hairy root cultures of M. spicata. MeJA induced a signifi-
cant increase in RA, CA, CGA, and CIA contents. Preced-
ing the phenolic acids accumulation, the relative expres-
sion levels of MsPAL, MsC4H, and Ms4CL, and MsHPPR
were enhanced. The present investigation suggests MeJA
as an effective elicitor for stimulating valuable phenolic
acids production in M. spicata hairy root cultures.
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