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Abstract

Licorice is a well-known medicinal plant, containing various secondary metabolites of triterpenoid and phenolic families. The
aim of this study is to evaluate the effect of salinity stress on the expression of key genes involved in the biosynthetic pathway of
triterpenoids such as glycyrrhizin, betulinic acid, soyasaponins, and phytosterols in licorice root, as well as providing a phonemic
platform to characterize antioxidant properties, glycyrrhizin, and total phenolic content. This study also includes measuring the
gene expression level and glycyrrhizin content in leaves and roots of control plants. The studied genes included squalene synthase
(SOS1 and SOS2), p-amyrin synthase (bAS), lupeol synthase (LUS), cycloartenol synthase (CAS), S-amyrin 11-oxidase
(CYP88D6), and (-amyrin 24-hydroxylase (CYP93EG6). Our results revealed that all of the mentioned genes were upregulated
following the stress condition with different transcription rates. The highest increase (12-fold) was observed for the expression of
the LUS gene, which is related to the betulinic acid pathway. Also, the highest content of glycyrrhizin was observed at 72 h post-
treatment, which was consistent with the upregulated transcription levels of the glycyrrhizin pathway genes especially SOS7 and
CYP88D6 at the same time. Correlation and stepwise regression analysis proved the key role of SOS7 gene in the biosynthetic
pathway of glycyrrhizin. Antioxidant activity and phenolic content also were increased following stress condition. A comparison
between the expression levels of SOS/ and other genes involved in the production of glycyrrhizin, phytosterols, and
soyasaponins revealed a similar transcription trend, which shows the gene expression in the roots was significantly higher than
the leaves. In contrast, SOS2 and LUS genes displayed a higher expression in leaf tissues. The genes related to betulinic acid
biosynthetic pathway exhibited an expression rate different from other triterpenoid pathway genes, which could be observed in
the leaves and roots of control plants and the roots of salt-treated plants. Furthermore, results showed that these two SOS genes
have different expression rates due to different plant tissues (roots and leaves) and stress conditions. Importantly, in contrast to
previous reports, we detected the glycyrrhizin in leaf tissues. This result may indicate the presence of a different genetic
background in native Iranian licorice germplasm.
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Introduction

Root and stolon of licorice (Glycyrrhiza glabra) are prevalent-
ly used in food and medicine (Bi et al. 2010; Tian et al. 2008).
A number of secondary metabolites have been isolated from
the licorice. The widespread use of G. glabra is attributed to
the presence of two main constituents, the triterpenoid sapo-
nins and flavonoids. These compounds protect the plant
against biotic and abiotic stresses and are useful natural prod-
ucts for human health (Nomura and Fukai 1998; Wittschier
et al. 2009). Phenolic derivatives from glycyrrhiza such as
liquiritigenin, isoliquiritigenin, liquritin, and isoliquiritin are
the most contributors to the antioxidant potential (Martins
et al. 2015). In addition, licorice produces bioactive
triterpenoids such as oleanane-type triterpene saponins
(glycyrrhizin and soyasaponin), lupine-type triterpenes
(betulininc acid), and phytosterols, all of which together form
an important class of plant secondary metabolites, displaying
a wide range of biological activities (Xu et al. 2016).
Glycyrrhizin is a sweet-tasting triterpene saponin in root and
stolon of Glycyrrhiza. Its sweetness is estimated to be about
50 times higher than sucrose. Glycyrrhizin is a conjugate of
two molecules of glucuronic acid and glycyrrhetinic acid agly-
cone (Hayashi 2009). It has a wide range of pharmacological,
antibacterial, and antioxidant features (Sharma et al. 2013). In
this regard, several studies have identified the hepato-
protective (Chan et al. 2003; Jeong et al. 2002; Kimura et al.
2001), antiulcer (He et al. 2001), antiallergy (Park et al. 2004),
and anticancer (Fiore et al. 2008; Salvi et al. 2003; Yoon et al.
2005) properties of this compound. Its antiviral activity
against various DNA and RNA viruses (Fiore et al. 2008)
has been shown in the case of HIV (De Clercq 2000) and
severe acute respiratory syndrome (Cinatl et al. 2003).
Biosynthesis of secondary metabolites in plants is strongly
influenced by environmental factors (Stutte 2006). As an influ-
ential factor, salt stress leads to cellular dehydration and often
creates both ionic and osmotic stresses in plants (Akula and
Ravishankar 2011). Studies have also demonstrated that salt
stress can enhance the expression of particular genes and in-
crease the level of secondary metabolites in some medicinal
plants (Selmar 2008). It seems that the increase in the biosyn-
thesis of secondary metabolites under stress conditions, in addi-
tion to osmotic regulation, leads to the protection of cell struc-
tures against oxidative damages (Wahid and Ghazanfar 2006).
In licorice, biosynthesis of triterpenoids starts with the con-
version of farnesyl diphosphate (FDP) and squalene synthase
enzyme (SQS) into squalene (Lu et al. 2008). Next, squalene
epoxidase oxidizes the squalene precursor to produce 2,3-
oxidosqualene (Seki et al. 2011) and then oxidosqualene cy-
clases (OSCs) involve in cyclization of 2,3-oxidosqualene,
which is an intermediate compound of triterpene saponins
and phytosterols. In G. glabra, there are three key OSC en-
zymes: S-amyrin synthase (bAS), lupeol synthase (LUS), and
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cycloartenol synthase (CAS). These three enzymes are re-
sponsible for branching of triterpene saponins (glycyrrhizin
and soyasaponins), betulininc acid, and phytosterols, respec-
tively (Hayashi et al. 2000, 2001). cDNAs of SOS/ and SOS2
(Hayashi et al. 1999) along with cDNAs related to bAS, LUS,
and CAS have been isolated from cultured licorice cells
(Hayashi et al. 2000, 2001, 2004). In the next step, there are
cytochromes P450s that play critical roles in oxidative reac-
tions during the biosynthesis of diverse natural plant products.
CYPS88D6 is a cytochrome P450 that catalyzes sequential
two-step oxidation reactions of 3-amyrin at the C-11 position
to produce 11-oxo- B-amyrin in glycyrrhizin biosynthetic
pathway, whereas CYP93E is another P450 that catalyzes ox-
idation reaction of S-amyrin at the position of C-24 and is a
key enzyme for biosynthesis of soyasaponins (Seki et al.
2008). In a study, glycyrrhizin has been found localized into
stolon and woody parts of the thickened root, but not in aerial
parts of the plant, whereas soyasaponins have been detected in
all parts of the plants. This study showed an inverse relation-
ship between soyasaponin and glycyrrhizin contents in lico-
rice (Hayashi 2009).

In the present study, expression levels of SOS1, SOS2, bAS,
CYP88D6, CYPI3EG6, CAS, and LUS genes as well as, anti-
oxidant properties, glycyrrhizin, and total phenolic contents
were measured in roots of licorice under salinity stress to
obtain information on the effect of salinity on the roots.

Materials and methods
Plant material and stress treatment

Seeds of licorice (Glycyrrhiza glabra L. var. glabra,
Fabaceae) were provided by Pakan-Bazr Seed Production
Company (Isfahan, Iran). The seeds were disinfected using
H,SO4 (98%) for 20 min and then washed with water. Next,
the seeds were sown on filter papers, soaked with distilled
water in Petri dishes, followed by incubation at 25+2 °C
(Shirazi et al. 2012). After 10 days, seedlings were transferred
to hydroponic condition with Hoagland solution and incubat-
ed at 25+ 2 °C for a photoperiod of 16 h of light (Nasrollahi
et al. 2014). During this period, the aeration was conducted
with an air pump and the solution was changed every 10 days.
A set of 40-day-old plants representing a uniform growth
trend were subjected to treatment with 150 mM NaCl in order
to create moderate salt stress condition (Pan et al. 2006). The
roots were harvested from seedlings subjected to different
time periods of salt treatment (12, 24, 48, and 72 h) and also
from seedlings under control conditions. The samples were
then frozen in liquid nitrogen and were stored at — 80 °C prior
to RNA extraction and other experiments. Also, parts of each
root were dried at 60 °C for 48 h prior to HPLC analysis.
Samples from the leaves of control plants (not their roots)
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were also harvested. Each of the experiment was carried out in
triplicate, and biological replications were considered for each
analysis.

Quantitative reverse transcription PCR

Total RNA was extracted from G. glabra roots and leaves
using RNX-plus solution (Sina Clon, Iran) with slight modi-
fications. In order to remove genomic DNA contamination,
total RNA was treated with RNase-free DNase 1. The first-
strand cDNA synthesis was performed using 500 ng of total
RNA from each sample, oligo (dT) primer, using RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher).

The cDNAs were diluted 10-fold with deionized water and
used as templates for quantitative reverse transcription PCR
(qQRT-PCR). Specific primers for SOSI, SOS2, bAS, LUS,
CAS, CYP88D6, and CYP93EG6 genes were designed using
Oligo-7 software based on the conserved sequence of these
genes in Glycyrrhiza and other Fabaceae plants (Table 1).
Although SOSI and CYP88D6 were cloned and sequenced
(their data are not shown). S-Actin from Glycyrrhiza genus
was also used as the housekeeping gene. The cDNAs were
amplified using a reaction mixture containing 6.25 puL of 2x
Green Hot Master Mix, 0.3 uM each of the forward and re-
verse primers (10 pmol), 1 puL of diluted cDNA template, and
4.65 uL of distilled water. PCR amplification was performed
under the following conditions using BIO-RAD CFX96 Real-
time PCR system: initial denaturation at 95 °C for 5 min,
45 cycles of denaturation for 20 s at 95 °C, annealing for
20 s, and extension at 72 °C for 20 s. Each sample was ana-
lyzed in triplicate and the obtained melting curves were ana-
lyzed to verify reaction specificity. In order to reveal the ab-
sence of any contamination or primer dimmers, a non-
template control (NTC) reaction with each primer pair was

run. To perform expression assay in leaves and roots, the ex-
pression levels of the genes were calculated by comparing the
threshold cycle value (Ct) for each gene to that of the reference
gene using 272 method (Pfaffl 2001). In the case of salt
stress experiment, relative gene expression was calculated
using 222" method (Livak and Schmittgen 2001) and the
expression quantity of the samples obtained under control
conditions was set as the reference value.

Chemical analysis of glycyrrhizin

To measure the glycyrrhizin content in leaves and roots of
licorice, 40 mg of each dried sample was extracted with
1 mL of methanol 80% (v/v) at 60 °C for 6 h. Extract mixtures
were then centrifuged at 4000 rpm for 15 min at room tem-
perature (Hayashi et al. 1988) and, subsequently, supernatant
was transferred to a new tube, followed by evaporation under
dry conditions at 30 °C for 5 h.

Glycyrrhizin standard (glycyrrhizic acid ammonium salt)
was purchased from Sigma Company. Prior to HPLC analysis,
samples were dissolved in 1 mL of methanol and filtered
through 0.45-pm filters. Separation step for glycyrrhizin was
performed according to the method reported by Sabbioni et al.
(2006), using an isocratic separation on reversed-phase col-
umn C;g (150x4.6 mm i.d.; 5 um). The mobile phase
consisted of methanol, acetonitrile, water, and glacial acetic
acid (35:34:30:1 by volume). A 20-uL aliquot of each sample
was analyzed by HPLC at room temperature. The flow rate
was 1 mL minfl, and detection wavelength was set at 254 nm.

Total phenolic content and antioxidant properties

To measure phenolic content and antioxidant properties in con-
trol and under stress seedlings, 0.5 g of each frozen sample was

Table 1 Description of primers

used for quantitative reverse Primer Accession no. Sequence 5'-3' Length (bp)
transcription PCR (qQRT-PCR) in
this study SOS1 forward KT987235.1 GTTCTTCGAGCCCTTGACA 241
SOS|1 reverse CCATTCCTGCACCCATCCTT
SOS2 forward D86410.1 GGAATGGGAACGGATATGGCT 89
SOS2 reverse ATGGTGGTTGGCAGAGAGAT
bAS forward AB037203.1 GACCCTGCTCCTCTTCATCG 194
bAS reverse ACTGGAGTGGAAGGCAATGG
CYP88D6 forward KP851192.1 TCCACGTCTTCATGGGCTCT 185
CYP88D6 reverse CAACCGCCTTTCATCCACA
CYP93E6 forward KF906537.1 AATGGGAGTGGGAGAAGAA 204
CYP93E6 reverse AAATGGAACAAAACGAGGAAC
CAS forward AB025968.1 TGGCACTTGGTTTGGGGTAA 181
CAS reverse ATGAGACCGGTTGCTTTCCA
LUS forward AB116228.1 AGACTTCCCACAGCAGGAGA 121
LUS reverse ACACAAGACTTGGCGACGAT
(-Actin forward GQ404511.1 GGCACCTCTCAACCCAAAAG 160
(-Actin reverse GCTGACACCATCTCCAGAGT
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extracted with 1.5 mL of ethanol 80% (v/v). Extract mixtures
were then centrifuged at 10,000 rpm for 10 min at 4 °C. The
supernatant was collected and stored at 4 °C before measure-
ment. The total phenolic content was determined using a modi-
fied Folin—Ciocalteu method as described by Singleton et al.
(1999). Briefly, 40 puL of the extract was mixed with 3.16 mL
of distilled water, followed by addition of 200 uL of Folin—
Ciocalteu reagent and allowed to stand for 8§ min. Then,
600 pL of sodium carbonate solution was added. Each sample
was allowed to stand for 30 min at 40 °C and the absorbance was
measured at 760 nm. Results are expressed as mg gallic acid
100 g ' FW using gallic acid calibration curve. The antioxidant
properties were determined by DPPH (1,1-diphenyl-2-
picrylhydrazyl) radical scavenging based on the method pro-
posed by Du et al. (2009) with minor modifications. Briefly,
50 uL of the extract was added to 950 pL of a 6.25 x 10>-M
solution of DPPH and allowed to stand at room temperature in
darkness. The absorbance of the samples was measured at
517 nm after 15 min and converted into the percentage of
DPPH inhibition using the following formula.
DPPH inhibition% = [(Acontrol — Asample) / Acontrot] % 100

Statistical analysis

Cluster analysis was carried out by the Ward method based on
relative gene expression data. Analysis of variance (ANOVA)
and Duncan’s means comparison were used to check the sig-
nificant difference in antioxidant properties, phenolic, and
glycyrrhizin contents. The significance of the differences for
this purpose was considered as 99% (p <0.01). Correlation
analysis between the expression of genes involved in
glycyrrhizin biosynthetic pathway and glycyrrhizin content
was obtained using Pearson’s correlation coefficient () in
the case of salt treated seedlings. Stepwise regression analysis
was evaluated between all relative gene expressions and the
glycyrrhizin content as independent and dependent variables,
respectively. Analyses were performed using SPSS (version
22.0; IBM Corp., Armonk, NY, USA). The experiment results
were the mean of three replications and represented as a mean
+ standard error (SE).

Results

Effect of salt stress on gene expression
and glycyrrhizin content in roots

To gain an initial insight into the regulation of the key genes
involved in triterpenoids biosynthetic pathway under salt
stress (150 mM NaCl), relative expression rate of seven can-
didate genes (i.e., SOSI, SOS2, bAS, CYP88D6, CYPI3EG,
CAS, and LUS) was determined at different time points using
gPCR (Fig. 1).
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The highest level of SOSI gene expression (2.1-fold) was
observed at 72 h post-treatment. Moreover, SOS2 transcrip-
tion levels significantly increased (1.9- and 2.2-fold) after
stress treatment (12 and 24 h) compared to the control condi-
tion, respectively. Expression profile of bAS gene was upreg-
ulated approximately 1.6-fold at 12, 24, and 72 h of stress
treatment in the beginning and at the end of the treatment
period. Under stress conditions, CYP88D6 gene expression
was upregulated in a monophasic pattern with a significant
increase (2-fold) at 72 h and expression level of CYPI3EG
was upregulated approximately 2.8-fold at 24 h post-treat-
ment. Gene expression pattern of LUS appeared in a biphasic
manner, and a significant increase was observed at 12, 24, and
72 h after the stress treatment, the highest level of expression
(12-fold) identified at 12 h post-treatment. Transcriptional lev-
el of CAS gene was upregulated at 12 and 24 h after stress
treatment, leading to the corresponding 1.7- and 2.3-fold in-
creases, respectively. It appears that salt stress can effectively
provoke expression activity of LUS gene. To date, quantitative
analysis of the salinity stress effect on the expression pattern
of LUS has not been investigated in licorice. Cluster analysis
was performed based on relative gene expression under salt
stress, divided into three groups; SOSI and CYP88D6 clus-
tered in group 1, SOS2, bAS, CYPS88D6, CYPI3E6, CAS in
group 2, and LUS in group 3 (Fig. 2).

Glycyrrhizin content in the root of licorice seedlings fol-
lowing salinity treatment is illustrated in Fig. 3. A significant
improvement in glycyrrhizin production was observed at 72 h
after salinity treatment, which is parallel to upregulation of
glycyrrhizin biosynthesis genes (i.e., SOSI, bAS, and
CYP88D6) at the same time. Correlation analysis between
relative gene expression in glycyrrhizin pathway (SOS1,
SOS2, bAS, and CYP88D6) and glycyrrhizin content revealed
significant positive relationships between glycyrrhizin content
and SOS!I and CYP88D6 expression levels. Also, the correla-
tion between SOS1 and CYP88D6 showed the similarity of the
expression pattern of these two genes which were previously
shown by cluster analysis (Table 2). The final model in step-
wise regression analysis also determined that 92% (R*) of
variation in glycyrrhizin metabolism was justified with the
expression level of SOSI (Table 3), which represents the key
role of this gene in the biosynthetic pathway of glycyrrhizin.

Effect of salt stress on phenolic content
and antioxidant properties in roots

Changes in total phenolic content due to the duration of salin-
ity treatment in G. glabra roots are represented in Fig. 4a. A
significant increase in the content of phenolic compound
(40.47 mg gallic acid 100 g ' FW) was observed at 12 h
post-treatment and the lowest content was determined at
48 h post-treatment. The percentage scavenging effect of
DPPH following salinity treatment is shown in Fig. 4b. The



Triterpenoid gene expression and phytochemical content in Iranian licorice under salinity stress 831
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Relative gene expression
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Fig. 1 Differential expression levels of SOSI (squalene synthase 1),
SOS2 (squalene synthase 2), bAS (S-amyrin synthase), CYP88D6
(f-amyrin 11-oxidase), CYP93E6 ([-amyrin 24-hydroxylase), CAS
(cycloartenol synthase), and LUS (lupeol synthase) in roots of

scavenging activity of DPPH was significantly increased due
to prolonged stress such that the highest antioxidant activity
(31%) was observed at the 48 h post-treatment.

Gene expression rate and glycyrrhizin content in roots
and leaves of a control plant

Figure 5 presents the expression rates of SOSI, SOS2, bAS,
CYP88D6, CYP93EG6, CAS, and LUS genes in roots and leaves
of40-day-old G. glabra seedlings. As can be seen, the expres-
sion rates of SOSI and SQOS?2 are turned out to be different in
the roots and the leaves. SOS/ was upregulated in the root
approximately 7-fold higher than that in the leaf, but expres-
sion rate of SOS2 in the leaf was 1.8-fold higher than that of
the root. The highest expression levels of LUS (21-fold) and
SOS2 were observed in the leaves compared to those in the
roots.

Glycyrrhizin content in roots and leaves was 5.256 and
0.2 ng/ g DW, respectively. Since the genes involved in the
biosynthesis of glycyrrhizin (bAS and CYP88D6) were
expressed in the leaves, it was expected that the production
of glycyrrhizin in the leaf tissue would be also observed.

C-ASE 0 5
Label Num

CYP88D6
$Qs1

u 5QS1

u SQS2

u bAS

u CYP88D6

u CYP93E6

u CAS
1LUS

48h 72h

G. glabra (40 days old plants) under salt stress condition (150 mM
NaCl). Gene expression data were normalized according to 3-Actin as
the reference gene and relative expression were calculated toward
control using 222" method. Error bar is based on = standard error

Discussion

Effect of salt stress on gene expression
of triterpenoids pathway in roots

Cluster analysis of relative gene expression was classified the
genes into three groups; SOSI and CYP88D6 genes associated
with glycyrrhizin pathway were classified in group 1; the genes
related to soyasaponins and phytosterols were in group 2; and a
single gene related to the biosynthetic pathway of betulinic acid
was placed in a separate group 3. Given these results, it appears
that salt stress can provoke the expression activity of SOS/ and
SOS?2 genes in different patterns. Lee et al. (2004) demonstrated
SOS upregulation in hairy root cultures of Panax ginseng under
methyl jasmonate (MeJA) treatment. In addition, Hayashi et al.
(2004) reported that levels of both SOS transcripts were in-
creased by the addition of MeJA to the cell culture of licorice.
Squalene synthases are a multi-gene family, of which SOS/ and
SOS2 have been identified in the triterpenoid biosynthetic path-
way of licorice so far (Hayashi et al. 1999). SQS function takes
place at the start of the triterpenoid biosynthetic pathway (Lu
et al. 2008); hence, it is expected that expression of downstream
genes involved in the triterpenoid pathway could be affected by

1
2
5Qs2 3
CAS 6
baS 4
CYP93E6 5

LUS 7

Fig. 2 Cluster analysis was performed based on relative expression of
SOS1 (squalene synthase 1), SOS2 (squalene synthase 2), bAS (S-amyrin
synthase), CYP88D6 ((S-amyrin 11-oxidase), CYPI3EG ([-amyrin 24-

hydroxylase), CAS (cycloartenol synthase), and LUS (lupeol synthase)
in roots of G. glabra (40 days old plants) under salt stress condition
(150 mM NaCl), divided into three groups
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Fig. 3 Glycyrrhizin production 14
was profiled in roots of G. glabra
(40 days old plants) under salt
stress condition (150 mM NaCl)
using HPLC. Bars indicate
standard errors and different
letters above the bars represents
statistically significant differences
(p <0.01) according to Duncan’s
means comparison test

12 -

10 A

(o))
L

Glycyrrhzinamount (pg/gDW)
NS

an increase in transcription levels of these two upstream genes.
The bAS gene is located at the downstream of SOS and separates
the biosynthetic pathway of glycyrrhizin and soyasaponin from
betulinic acid and phytosterol. The bAS enzyme produces -
amyrin, which is an intermediate compound in soyasaponin
and glycyrrhizin pathways. Previous studies have reported that
transcriptional expression level of bAS in licorice cell culture
increased with MeJA and decreased with yeast extract treat-
ments (Hayashi et al. 2004). Nasrollahi et al. (2014) also dem-
onstrated the upregulation of bAS in the seedlings of G. glabra
under drought stress. In the present study, expression levels of
bAS gene were found to be associated with expression patterns
of SOSI and SQOS2 genes. Interestingly, the expression level of
SOS2 may be more effective in expressing the bAS gene.
CYP88D6 enzyme creates a detour of glycyrrhizin produc-
tion pathway from that of soyasaponins. CYP88D6-mediated
oxidation of S-amyrin at the C-11 and C-30 positions leads to
glycyrrhizin production. However, the oxidation reaction is
blocked at these positions in cell culture condition; G-amyrin
is oxidized by CYP93E6 at C-22 and C-24 positions, which
leads to the formation of soyasapogenol B (Seki et al. 2008).
In an RNA-sequencing project of G. uralensis, the highest
expression level of CYP88D6 gene was observed in licorice

Table 2 Correlation matrix of the glycyrrhizin content and associated
genes in glycyrrhizin pathway (Pearson correlation coefficients)

parameters SOS1 SOS2 bAS  CYP88D6 Glycyrrhizin
SOS1 1

SOS2 0.057 1

bAS 0.563 0.857 1

CYP88D6 0.888*  —0330 0.191 1

Glycyrrhizin =~ 0.968** —0.050 0456 0.917* 1

*Correlation is significant at the 0.05 level; **correlation is significant at
the 0.01 level
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strains collected during the summer (Ramilowski et al. 2013).
So far, expression patterns of CYP88D6 and CYPY3EG6 genes
have not yet been studied under stress conditions. In the pres-
ent study, expression levels of these genes were found to be
associated with SOSI and SOS2 expressions, respectively.
Also, correlation analysis revealed a significant positive rela-
tionship between the genes related to glycyrrhizin pathway
(SOS1 and CYP88D6). In the case of CYP88D6, an increased
level of expression was observed at 72 h after stress treatment,
which was similar to the over-expression pattern of SOS7 and
bAS at 72 h post-treatment. The expression level of CYPIIE6
gene was also increased by approximately 2.8-fold at 24 h of
salinity stress compared to the control, which was similar to
the transcription patterns of SOS2 and bAS. Both CYPS8D6
and CYP93EG6 expression levels were decreased at 48 h after
the salinity treatment, similar to the expression levels of SOS/,
SOS2, and bAS. Contents of glycyrrhizin and soyasaponin
were measured in different organs of licorice using liquid
and gas chromatography methods (i.e., HPLC and GC, re-
spectively). The results showed that there was a negative cor-
relation between glycyrrhizin and sayasaponin contents in dif-
ferent organs (Hayashi et al. 1988, 1993, 2004). Clustering
results of this study also confirmed that salt stress has a diverse
effect on transcription levels of the genes involved in the pro-
duction of these two competitive metabolites. In addition to
triterpenoids, higher plants usually produce phytosterols,
which play a structural role in the membrane system
(Hayashi et al. 2004). CAS is an oxiosqulalene cyclase en-
zyme that accelerates the formation of cycloartenol from 2,3-
oxidosqualene. Cycloartenol is the first precursor in the bio-
synthetic pathway of phytosterols in higher plants. In this
study, the expression level of CAS was similar to the expres-
sion pattern of SOS2 and both were upregulated by salt stress.
According to the results of Nasrollahi et al. (2014), transcript
levels of CAS gene did not exhibit significant differences in
either control or drought stress samples. Also, Hayashi et al.
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Table 3 A stepwise regression on

the glycyrrhizin (dependent Model Unstandardized coefficients Standardized  t Sig R Adjusted R
variables) and relative gene coefficients

expression (independent

variables) in roots of G. glabra B Std. error Beta

(40 days old p?a.nts) under (Constant) 3.015 0.739 4.082 0.027 0.937 0916
saltstress condition (150 mM SQS1 3.916 0.586 0.968 6.677  0.007

NaCl)

Dependent variable: glycyrrhizin; predictors: (constant), SQS1

(2004) observed no differences in gene expression levels of
CAS gene in cell cultures treated with MeJA and gibberellic
acid (GA3); instead, a difference was observed in its expres-
sion in the root and stolon tissues obtained from G. uralensis
(Tamura et al. 2016). LUS gene expression was significantly
increased under salinity stress; hence, salinity might lead to an
increase in betulinic acid levels. Transcripts of the LUS gene
could be monitored in parts of the plant with higher betulinic
acid content (Hayashi et al. 2004). In the research conducted
by Nasrollahi et al. (2014), any transcripts of the LUS were
determined in 8-day-old seedlings and stolons of licorice in
control and drought treatment conditions using semi-
quantitative RT-PCR. Cell cultures treated with MeJA and
GA3 showed the suppression of LUS by MeJA, whereas the
transcription level was remained unchanged following GA3
treatment (Hayashi et al. 2004). Tamura et al. (2016) observed
betulinic acid only in the tissue cultures of stolon, but not in
the normal roots; so, the expression of this gene was also
minimal in control roots of licorice.

Results of this research confirmed that the expression pro-
files of the triterpenoid biosynthesis genes were upregulated
under the salt stress conditions. Furthermore, it seems that
different time periods of salt stress exhibited different gene
expression profiles for each of triterpenoid pathway genes.
Salt treatment caused the greatest effect on LUS gene expres-
sion, which was related to the betulinic acid pathway.
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Fig. 4 a Total phenol content and b the percentage of DPPH inhibition
activity in roots of G .glabra (40 days old plants) under salt stress
condition (150 mM NaCl). Bars indicate standard errors, and different

Effect of salt stress on glycyrrhizin content in roots

Significant positive corrections were identified between
glycyrrhizin content and SOSI and CYP88D6 gene expres-
sions, individually. These data showed the great impact of
these two genes on the glycyrrhizin biosynthetic pathway. In
the case of a research on metabolic engineering of glycyrrhizin
biosynthetic pathways including SOS1 and CYP88D6, an in-
creased amount of glycyrrhizin was observed in hairy root
cultures of Glycyrrhiza plants that confirmed the results of this
study (Lu et al. 2008; Shirazi et al. 2018). Production pattern
of glycyrrhizin was more similar to the expression pattern of
SOS1 gene so that the stepwise regression analysis also con-
firmed that 92% of the change in glycyrrhizin content is asso-
ciated with SQSI. Consequently, it was hypothesized that
SQST1 activity provides the bulk of the precursors required
for biosynthesis of glycyrrhizin. However, all of the genes
involved in the biosynthetic pathway, from the beginning to
the end, have important roles in the production of
glycyrrhizin. Shabani et al. (2010) reported an increase in
production levels of glycyrrhizin followed by increased ex-
pression of SOS genes. Also, Nasrollahi et al. (2014) demon-
strated that an improvement in glycyrrhizin production oc-
curred following a severe drought stress, which is consistent
with the results of this study that glycyrrhizin has increased by
prolonged stress. Glycyrrhizin and its hydrolyzed metabolites
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Fig. 5 Transcript levels of SOS/
(squalene synthase 1), SOS2
(squalene synthase 2), bAS (0-
amyrin synthase), CYP88D6
(B-amyrin 11-oxidase), CYP93EG6
(f-amyrin 24-hydroxylase), CAS
(cycloartenol synthase), and LUS
(lupeol synthase) in roots and
leaves of G. glabra (40 days old
plants). Gene expression data
were normalized according to (-
Actin as the reference gene, and
calculated using 2”2 method.
Bars indicate standard errors

Level of gene expression
o [ (88 w o w [« ~ (e}
1

5Qs1

such as 18 B-glycyrrhetinic acid possess antioxidant proper-
ties, which lead to the reduction of oxidative damages (Kim
and Lee 2008). It has been revealed that glycyrrhizin can
reduce the harmful effects of stress on plant defense systems
and also plays an important role in adaptability to stress con-
ditions. In fact, the main role of secondary metabolites in
plants is to protect them against adverse conditions. Further
studies, hence, should be conducted to assess the effects of
long-term and more intensive salinity treatments.

Phenolic content and antioxidant properties

In the present study, total phenolic compounds were in-
creased at 12 h of salinity stress in roots. Plant secondary
metabolites especially phenolic and flavonoid compound act
as antioxidants and has a radical scavenging ability. The re-
dox attributes of phenolic metabolites are facilitated by their
hydroxyl groups (Soobrattee et al. 2005). Environmental
stress conditions could increase a variety of reactive oxygen
species, so that these free radicals caused the severe oxidative
damage and subsequent tissue injury in plants (Saced et al.
2012). The physiological stresses can considerably increase
the level of phenylalanine ammonia lyase (PAL), an impor-
tant enzyme involved in phenolic biosynthesis; thus, more
phenolic compounds accumulated following the stress condi-
tions (Morello et al. 2005).

Using the DPPH radical scavenging method, we demonstrat-
ed that the antioxidant properties were significantly increased in
different periods of salt treatment. This result can be attributed to
an increase in the expression of genes and the content of second-
ary metabolites such as triterpenoid and phenolic compounds.
Antioxidant activity is influenced by several factors and cannot
be completely described by only a single reaction system. Thus,
multiple assays need to evaluate antioxidant activity and may
provide exclusive information on their multiple abilities to scav-
enge different radicals (Karami et al. 2013).
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Expression rates of the genes associated
with a triterpenoid pathway in roots and leaves

SOS1 gene expression rate is very similar to those of phytos-
terol, soyasaponins, and glycyrrhizin pathway genes such as
CAS, bAS, CYP88D6, and CYPY3EG, representing higher
levels of expression in the roots in comparison with the leaves
(1.7-, 5.6-, 2.7-, and 5.5-fold, respectively). Expression levels
of SOSI and SOS2 genes have been determined in roots,
stems, leaves, flowers, and young seeds of soybean by real-
time PCR and demonstrated that both genes were differential-
ly expressed in all the studied tissues. However, SOS! gene
was highly transcribed in roots in comparison with the other
tissues (Nguyen et al. 2013). Three SOS genes have been
identified in Ginseng, which was differentially expressed.
Although all the three SQS enzymes are involved in squalene
production, SQS1 enzyme was expressed in all the organs,
whereas SQS2 and SQS3 exhibited a tissue-dependent expres-
sion (Kim et al. 2011). Overall, a higher ratio of SOS gene
expression in roots of Fabaceae family was found to be con-
sistent with the higher accumulation levels of phytosterols and
saponins in roots of these plants (Akamine et al. 2003; Suzuki
etal. 2002). Transcription of LUS was found to be very low in
comparison with the other genes in the control plant, and its
expression level was not similar to those of the two other
oxidosqualene cyclases. These findings presumably suggest
that betulinic acid production pathway is different from
soyasaponins, phytosterols, and glycyrrhizin biosynthetic
pathways.

Expression levels of LUS, CAS, bAS, CYP88D6, and
CYP93E3 in root and stolon of G. uralensis demonstrated
different expression rates. Moreover, transcription levels of
CAS, bAS, CYP88D6, and CYPY3E3 genes in roots were
higher compared to the stolons. However, LUS gene repre-
sented higher and lower expression levels in stolon and root
tissues, respectively (Tamura et al. 2016). Studies on the ex-
pression of CAS gene using semi-quantitative RT-PCR in root
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nodules, thickened roots, and cell cultures revealed that gene
expression levels were constant in all the tissues (Hayashi
etal. 2004). In addition, CAS expression displayed no changes
during different studied months. In semi-quantitative expres-
sion analysis, there was no evidence for the expression of bAS
and CYP88D6 genes in leaves (Seki et al. 2008, 2011). In the
present study, bAS and CYP88D6 genes were expressed in leaf
tissues, but the expression of both genes in roots was higher
than that in leaves. However, the transcript levels of almost
mentioned genes were low, with the highest level being relat-
ed to bAS in root tissues, which is associated with higher levels
of soyasaponin and glycyrrhizin in different parts of the lico-
rice root.

Glycyrrhizin production in roots and leaves

Metabolic evaluation of different parts of licorice using HPLC
and GC exhibited that glycyrrhizin is located in thickened
roots of the plants. In aerial parts, rootlets, and root nodules,
glycyrrhizin was not observed, however (Hayashi 2009).
Unlike previous researches, in the present study, glycyrrhizin
production was observed in leaf tissues. Nevertheless, its con-
tent was less than that of the root, which is the main organ of
glycyrrhizin production. Genetic diversity among different
species and the variety of environments are the main factors
affecting the biosynthesis of glycyrrhizin (Kojoma et al. 2011;
Zhang and Ye 2009). Overall, for studies regarding the bio-
synthetic pathway of glycyrrhizin, it is suggested using the
variety that produces more glycyrrhizin (Kojoma et al. 2011;
Zhang and Ye 2009). Glycyrrhizin production in leaves of the
40-day-old seedlings is considered as a promising source for
acquiring glycyrrhizin metabolite from the leaves of licorice.

Conclusions

Salinity stress had a positive effect on the expression of key
genes involved in all three biosynthetic pathways of phytos-
terols, oleananes, and lupine saponins in roots. However, its
effect on each of these genes varied by different exposure
times. Therefore, gene expressions of phytosterol, betulinic
acid, and soyasaponins pathways increased at the beginning
of the treatment period, while gene expressions of
glycyrrhizin and betulinic acid increased at the end of the
treatment period. As expected, antioxidant activity,
glycyrrhizin content, and total phenolic content were in-
creased followed by salinity stress. SOSI, bAS, CAS,
CYP88D6, and CYPY3EG represented higher expression
levels in the roots of the control plant, but SOS2 and LUS were
expressed more in the leaf tissue. If the increase and decrease
in the expression of downstream genes and the production of
enzymes occur with the same trend, it is expected that produc-
tion of glycyrrhizin, soyasaponin, and phytosterol in roots

would be probably higher than that of the leaves while
betulinic acid would be higher in the leaves. In this regard,
measuring the metabolites in both leaf and root tissues are
required to prove these findings. The results obtained from
the expression analysis of the genes under control condition
(leaves and roots) and salinity stress treatment (roots) revealed
the different expression profiles of the betulinic acid biosyn-
thetic pathway from other triterpenoids pathways. These re-
sults also demonstrated that SOS gene family might have dif-
ferent roles in triterpenoids biosynthetic pathways in different
parts of the plants (leaves and roots) and different stress con-
ditions in roots. Regarding the expression of glycyrrhizin
pathway genes in the leaves, glycyrrhizin metabolite was also
produced in the leaf tissue, which could indicate a different
genetic background of native Iranian licorice. In addition,
treatments with higher salinity concentrations are suggested
for analyzing the expression of genes along with the measure-
ment of their metabolites in long-term following the salt treat-
ment. Moreover, the glycyrrhizin contents of perennial Iranian
licorices collected from different parts of the country could be
measured. If these plants turn out to have high levels of
glycyrrhizin, then plant leaves can also be used to extract this
metabolite, which facilitates the extraction process and could
be more cost-effective compared to extraction from stolon or
root.
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