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A B S T R A C T

Plants respond to Cadmium (Cd) as a hazardous heavy metal through various mechanisms depending on their
available metabolite resources. In this research, the physiological and signaling pathways mediating the re-
sponses to Cd stress in Scrophularia striata seedlings were characterized after they were exposed to different Cd
concentrations at different time periods. The results showed that the polyamines (PAs), Abscisic acid (ABA) and
hydrogen peroxide (H2O2) contents were significantly enhanced at 48 h. Moreover, the enzyme activity of
phenylalanine ammonia-lyase (PAL) and tyrosine ammonia-lyase (TAL) as regulator enzymes in the phenyl-
propanoid pathway was increased, related to the reinforcement of phenolic compounds such as phenylethanoid
glycosides (as a special compound of this plant). This metabolic profiling indicates that the signal transduction of
Cd stress increased the activity of different enzymes (PAL and TAL) by regulating the PAs metabolism, the
modulation of ABA, and the H2O2 content. As a result, it caused the accumulation of phenolic compounds,
especially echinacoside and acteoside, both of which are required to improve the response of Cd stress in S.
striata.

1. Introduction

Heavy metals (HMs) that have high stability, including Cadmium
(Cd), pollute different biological systems. The plant roots absorb Cd
from the soil, transfer it to the above-ground parts, and it accumulates
in all parts of plants (Smolders, 2001). This element is non-essential and
non-toxic, but in high concentrations, it can negatively change plant
growth and many ranges of physiological, morphological, biochemical
and metabolic processes by generating high quantities of reactive
oxygen species (ROS), having direct interaction with key enzymes,
substituting indispensable metal ions from special binding sites, deac-
tivating the antioxidant enzyme system including catalase (CAT),
guaiacol peroxidases (GPOX), and superoxide dismutase (SOD) (which
are needed for the reduction of free radicals), and discharging anti-
oxidant compounds with low molecular weights (Gupta et al., 2017;
Emamverdian et al., 2015; Karcz and Kurtyka, 2007; Sandalio et al.,
2001).

Plants manage a complicated organization of homeostatic mechan-
isms for confronting at surplus Cd (Clement, 2006; Meharg, 1994). The
plant species may use more than one mechanism for facing under Cd
stress, including: 1) constraint of absorption, 2) stimulation of enzy-
matic and non-enzymatic antioxidant systems, 3) use of different phy-
tohormones that play significant roles in the signaling pathways at the

responses of HMs stress, and 4) different modifications in the content of
the main compounds, including polyamines (PAs), amino acids, phe-
nolic compounds, and signaling molecules like hydrogen peroxide
(H2O2) (Bücker-Neto et al., 2017; Sytar et al., 2018; Hossain et al.,
2012). PAs are organic cations with low molecular weights which may
operate as free radical scavengers or metal chelators (directly or in-
directly) and also operate in inhibiting Cd uptake or its entry into cells
in the responses at HMs stress (Bors et al., 1989; Cona et al., 2006;
Lomozik et al., 2005). Phenolic compounds such as flavonoids and
phenylethanoid glycosides (PhGs) operate as powerful antioxidants in
biological systems (Kamalipourazad et al., 2016). PhGs are a group of
water-soluble phenolic compounds with significant biological proper-
ties. The most important PhG compounds include echinacoside and
acteoside which are distributed broadly in the plant kingdom such as
Cistanches Herba, Rehmannia glutinosa var. purpurea (Orobanchaceae),
and Scrophularia striata Boiss (Scrophulariaceae) (Alipieva et al.,2014;
Murthy et al., 2014; Monsef-Esfahani et al., 2010; Khanpour-Ardestani
et al., 2015; Ahmadi-Sakha et al., 2016).

Scrophularia striata Boiss, known as Tashne Dari by natives of Iran, is
important in terms of the different aspects of plant physiology. Previous
reports have indicated that S. striata operates as a resistant plant under
various stresses, including methyl jasmonate, chitosan, and water def-
icit (Kamalipourazad et al., 2016; Sadeghnezhad et al., 2016; Falahi
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et al., 2018a, b). Because the metabolic mechanisms and the signaling
pathways in the responses of S. striata to Cd stress have not been
scrutinized, this study aimed to identify the signaling pathways and the
metabolic responses that this plant applies to confront at Cd stress. It
would be interesting to specify the role of PAs and ABA in the bio-
synthesis of PhGs and the signaling pathways at the responses of S.
striata. This comprehensive examination could improve our under-
standing of the synchronous signaling pathways involved in the alle-
viation of heavy metal stress.

2. Materials and methods

2.1. Chemicals

spermidine, spermine, putrescine, cadaverine, abscisic acid, brassi-
nosteroids, indole 3 acetic acid, cinnamic acid, caffeic acid, coumaric
acid, salicylic acid, ferulic acid, daidzein, myricetin, kaempferol, nar-
inginine, catechin, luteolin, diosmin, genistin, echinacoside, acteoside,
and proline were all purchased from Sigma Aldrich (Taufkirchen,
Germany). These compounds were used as received without any further
purification.

2.2. Growth conditions

S. striata seeds were gathered from Ilam province, Iran. The seeds
were immersed in running water for 48 h. Their surface was disinfected
by 2% sodium hypochlorite solution for 20min, and the disinfected
seeds were washed with distilled water. Then they were immersed in
500mg L−1 gibberellin for 24 h. For germination, the seeds were placed
in pots containing water-soaked perlite for 43 days. Similar seedlings
were moved to plastic receptacles (1.5 dm3) containing the nutritional
solution of Hoagland (pH 6.8) and located in the growth room with a
cycle of 16 h light (220 μmol photons m−2 s−1), air humidity of
60–80%, and a temperature of 30/25 °C day/night for four weeks.

2.3. Experimental design

This experiment was carried out in two separate steps. First, 73-day-
old seedlings were subjected to the nutritional solution of Hoagland
supplemented with cadmium chloride (CdCl2) at concentrations of 0,
50, 200, and 400 μM. After three days (72 h), the plants were harvested
for further analysis. Based on the data obtained from this step (Table 1),
the Cd concentration of 200 μM was selected for the second step of
experiments. Similar seedlings grown in a nutritional solution of
Hoagland with 200 μM of CdCl2 were collected after 12, 24, 48, 72 h
and washed with distilled water. At each time step, the shoots were
disconnected, frozen, and kept at −80 °C for further analysis.

2.4. Determination of growth parameters

All samples with similar growth rates were randomly selected. Six
repeats per each treatment were conducted to determine shoot length
(SL) (Liu et al., 2004; Zafari et al., 2017).

The growth rate (GR) was quantified by the following equation:

=
−

×GR W W
W

(%) ( ) 100a b

b (1)

Where Wa is the dry weight of shoots after 48 h or 72 h of Cd treatment,
and Wb is the dry weight of shoots after 0 h Cd treatment (control). The
parameter of relative dry weight increase rate (RDIR) in various
treatments was calculated using Equation (2) (Liu et al., 2004; Zafari
et al., 2017):

=
−

×RDIR GR GR
GR

(%) ( ) 100t c

c (2)

Where GRt and GRc show the growth rate of the treated and control
plants, respectively.

Abbreviation

ABA Abscisic acid
BRs Brassinosteroids
Cad Cadaverine
Cd Cadmium
CdCl2 cadmium chloride
CAT Catalase
GR Growth rate
DW Dry weight
FW Fresh weight
GPOX Guaiacol peroxidase
HMs Heavy metals
HCA Hierarchical cluster analysis
IAAs Indole 3 Acetic Acid
MDA Malondialdehyde

NADP+ Nicotinamide adenine dinucleotide phosphate
H2O2 hydrogen peroxide
PhGs Phenylethanoid glycosides
PAs Polyamines
PCA Principle component analysis
Put Putrescine
PAL Phenylalanine ammonia-lyase
ROS Reactive oxygen species
RDIR Relative dry weight increase rate
SA Salicylic acid
SL Shoot length
Spd Spermidine
Spm Spermine
SOD Superoxide dismutase
TAL Tyrosine ammonia-lyase

Table 1
Accumulation of Cd, activity of antioxidant enzymes, content of PhGs, and content of proline in S. striata shoots at different Cd concentrations. Values within each
column are mean ± SD of three replicates. Different superscript letters on the data show statistically significant differences at p≤ 0.05.

CdCl2
(μM)

Cd accumulation SOD CAT GPOX PAL TAL ECH ACT Proline

mg kg−1 DW U mg
protein−1

min−1

μmol H2O2 mg−1

protein min−1
μmol guaiacol
mg-1 protein

min−1

μmol cinnamic
acid mg−1 protein

min−1

μmol coumaric acid
mg−1 protein min−1

μg g−1 FW μg g−1 FW mg g−1 DW

0 0.01 ± 0a 2.7 ± 0.6a 18.3 ± 1.9a 15.2 ± 2.3a 2.4 ± 0.07a 0.991 ± 0.07a 60.3 ± 2.2a 34.8 ± 0.2a 13.5 ± 1.7a

50 39.3 ± 0.1d 4.1 ± 0.8a 23.3 ± 1.9b 23.1 ± 3.6b 2.8 ± 0.06b 1.3 ± 0.1b 81.9 ± 1.5c 79.0 ± 1.4c 14.1 ± 2.2a

200 58.4 ± 0. 2c 5.8 ± 0.6b 34.4 ± 1.9c 32.2 ± 1.3c 3.5 ± 0.13c 2.1 ± 0.1c 107.6 ± 1.2d 93.1 ± 1.4d 20.9 ± 1.6b

400 55.1 ± 0.01c 5.7 ± 0.8b 36.4 ± 1.2c 36.3 ± 2.8c 2.6 ± 0.04b 1.2 ± 0.04b 77.5 ± 2.0b 52.9 ± 0.5b 19.5 ± 2.2b
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2.5. Determination of Cd accumulation

The dried shoots (1 g) were incinerated for 6 h at 500 °C and the
powdered ashes of the samples were dissolved in 0.1M HCl. In the next
step, the Cd concentrations in the samples were assayed by spectro-
photometry of atomic absorption (Shimadzu AA- 6709) based on the
method of Camacho- Cristóbal and Gonzólez-Fontes (2002).

2.6. Determination of H2O2 and MDA contents

To determine the H2O2 and malondialdehyde contents (MDA), the
fresh shoots (0.5 g) were extracted in 4mL trichloroacetic acid (TCA;
0.1% W/V) and then centrifuged at 12,000 rpm for 10min at 4 °C. H2O2

content was determined spectrophotometrically at 390 nm according to
the method of Velikova et al. (2000) and then quantified using a cali-
bration curve method.

Lipid peroxidation due to Cd stress was determined by measuring
the formation of MDA based on the thiobarbituric acid method using a
UV/vis spectrophotometer at 532 and 600 nm (Stewart and bewley,
1980). The MDA content was measured using an extinction coefficient
of 155mM−1 cm−1.

2.7. Determination of proline content

To determine proline content, the shoots (0.5 g) were extracted
within sulphosalicylic acid (3%) and centrifuged at 3000 rpm for
10min. The proline content was determined spectrophotometrically at
520 nm according to the method of Bates et al. (1973) and quantified by
a calibration curve method using proline as the standard.

2.8. Determination of enzyme activities

To determine enzymatic activities, the fresh shoots (0.5 g) were
extracted within 2mL potassium phosphate buffer pH 7 containing
1mM Dithiothreitol in ice. The mixture was centrifuged at 12,000 rpm
and at 4 °C for 20min. The supernatant was used immediately for de-
termining enzymatic activities. The protein content was measured ac-
cording to the method of Bradford (1976).

The activity of SOD was determined spectrophotometrically at
560 nm according to the method of Giannopolitis and Ries (1977). The
activity of CAT was assayed by a spectrophotometer at 240 nm ac-
cording to the method of Cakmak and Marschner (1992). The activity of
GPOX was measured according to the guaiacol oxidation at 470 nm (Lin
and Wang, 2002). The PAL activity was assayed according to the pro-
duced quantity of cinnamic acid at 290 nm (Wang et al., 2006; Hodgins,
1971). The activity of TAL was assayed according to the produced
quantity of p-coumaric acid at 320 nm (Wang et al., 2006; Hodgins,
1971).

2.9. Determination of amino acids

The shoot tissue (0.2 g) was powdered in liquid N2, extracted within
80% ethanol (2 mL) (v/v), and centrifuged at 10,000 rpm for 10min.
Then, the supernatant was dried and the debris was dissolved in 1mL of
water (Di Martino et al., 2003). The Biermann et al. (2013) method was
used to identify amino acids by HPLC (Agilent Technologies 1260 In-
finity, USA). The peaks of samples were determined by adjusting their
retention times with the original standards (Sigma Aldrich, ≥99%) by
fluorometric detector (FLD HP 1100) which was done with excitation
and emission wavelength of 230 nm and 455 nm, respectively.

2.10. Determination of PAs

The shoot tissue (0.2 g) was homogenized in 3mL perchloric acid
(5% v/v) and centrifuged at 20,000 rpm and 4 °C for 30min.
Supernatant and pellet were utilized to assay the free and conjugated

PAs, respectively (Sharma and Rajam, 1995). Finally, the analyses were
performed by HPLC (Agilent Technologies 1260 infinity) as described
by Falahi et al. (2018b). Different PAs were identified with a detector of
UV dual-array at 254 nm. The peaks of samples were determined by
adjusting their retention times with the original standards (Sigma Al-
drich, ≥99%).

2.11. Determination of phytohormones

Shoot tissue (0.5 g) was homogenized within 3mL of absolute me-
thanol and left overnight at 4 °C. Then the extract was concentrated by
evaporation and filtered (0.22 μm) (Razifah et al., 2014). Finally, the
analyses were performed by HPLC (Knauer, Germany) as described by
Delavar et al. (2017). The peaks of the samples were determined by
adjusting their retention times with the original standards (Sigma Al-
drich, ≥98%) at 220 nm with an ultraviolet detector (PDA, Berlin,
Germany).

2.12. Determination of phenolic compounds

2.12.1. Determination of phenolic acids
Shoot tissue (0.5 g) was extracted within 4mL methanol. The ex-

tract was then dried at 35 °C under vacuum, dissolved within 4mL
acetonitrile, washed three times by 3mL hexane, and dried. The debris
was dissolved again by 0.5mL absolute methanol (Owen et al., 2003).
Finally, the analyses were performed by HPLC (Agilent Technologies
1260 Infinity, USA) as described by Falahi et al. (2018b). The peaks of
the samples were determined by adjusting their retention times with
the original standards (Sigma Aldrich, ≥97%) at 280 and 340 nm with
an ultraviolet detector (PDA, Berlin, Germany).

2.12.2. Determination of flavonoids
Shoot tissue (0.5 g) was homogenized by 40% methanol (1.5 mL)

including 0.5% acetic acid. Thereafter, the extracts were shaken over-
night. The mix was centrifuged at 13,000 rpm for 12min (Keinänen
et al., 2001). Finally, analyses were performed by HPLC (Agilent
Technologies 1260 Infinity, USA) as described by Gudej and Tomczyk
(2004). The peaks of the samples were determined by adjusting their
retention times with the original standards (Sigma Aldrich, ≥98%) at
254, 280, 300, and 350 nm with an ultraviolet detector (PDA, Berlin,
Germany).

2.12.3. Determination of phenylethanoid glycosides
Shoot tissue (0.5 g) was extracted within methanol (5 mL) and

centrifuged at 10,000 rpm for 20min. The supernatant was dried, dis-
solved in 0.5mL methanol, and centrifuged at 13,000 rpm for 20min
(Khanpour-Ardestani et al., 2015). Finally, analyses were performed by
HPLC (Agilent Technologies 1260 Infinity, USA) using the method of
Vertuani et al. (2011). The differentiation of PhGs was performed with
a C18 column as the stationary phase (Perfectsil Target ODS-3 (5 μm);
250× 4.6mm; MZ Analysenthecnik, Mainz, Germany). The rate of flow
was 1mLmin−1 using a gradient between mobile phases A and B,
which were 0.04% deionized water containing phosphoric acid and
acetonitrile, respectively. Different PhGs were identified at 330 nm by
an ultraviolet detector (PDA, Berlin, Germany). The peaks of the sam-
ples were determined by adjusting their retention times with the ori-
ginal standards (Sigma Aldrich, ≥98%).

2.13. Statistical analysis and the relation between analyses

For the mean comparison of data, SPSS software version 24 was
used to perform the variance analysis. The Duncan's new multiple-range
test was used to determine the significant differences among the sam-
ples (p < 0.05). For principal component analysis (PCA) and correla-
tion analysis, the algorithms set on the web-based MetaboAnalyst
(http://www.metaboanalyst.ca) and metabolite data from this study
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were used. PCA was used to investigate the credibility of this experi-
ment. Correlation analyses, including PatternHunter and Hierarchical
Cluster Analysis (HCA), were operated based on the Pearson correlation
coefficient. PatternHunter was used to show the correlation between
the echinacoside as PhGs and different members of the signaling
pathways, including H2O2, phytohormones, and PAs; HCA analyses
were performed for metabolite classification.

3. Results

3.1. Growth parameters decreased while cadmium accumulation increased
in S.striata under cadmium

In the first step of the experiment, the Cd accumulation in shoots
showed positive linear relevance with different Cd concentrations in the
Hoagland solutions up to 200 μM (Table 1). The results showed that the
Cd accumulation of 28.38, 44.94, 55.7, and 58.33mg kg−1 DW in the
seedling shoots grown under 200 μM CdCl2 for 12, 24, 48, and 72 h,
respectively, indicating that the Cd accumulation increased linearly to
48 h but remained constant after three days (72 h) of treatment (Fig. 1).

The effects of Cd on the growth indices, such as RDIR and SL, after
48 h and 72 h treatments were showed in Fig. 2. The Cd treatment re-
sulted in about 20% inhibition of RDIR and about 10% reduction in SL
after 48 h. There was no significant difference in the RDIR and SL
amounts either at 48 h or 72 h.

3.2. Cd caused oxidative stress while enhanced the antioxidant enzyme
activity

The amount of H2O2 increased 0.94-, 1.20-, 1.34-, and 1.33-fold at
12-h, 24-h, 48-h, and 72-h treatments, respectively, compared with the
control (Fig. 3A). The MDA production is a cytotoxic product of lipid
peroxidation, which is produced under stress conditions. The MDA
content was positively related at all times, but it had lower enhance-
ment than the 48-h and 72-h treatments (Fig. 3B). The increased proline
content was showed in Cd concentration at all times in Tables 1 and 2.

The different concentrations of Cd significantly increased the SOD,
CAT, and GPOX of the enzyme activities. No significant difference in
the activity of any of the three enzymes was determined in 200 μM and
400 μM concentrations of Cd (Table 1). The SOD activity in the treated
seedlings was significantly increased compared with the controls at all
times and the same trend was achieved in the enhanced activities of
GPOX and CAT. The amount of the increased activities of SOD, CAT,
and GPOX peaked at 48 h (Fig. 3C–E).

3.3. S.striata modulates the levels of polyamines and phyohormones under
cadmium stress

The results indicated that in the treated shoots, free-PAs (including
Spd, Put, and Cad) were significantly compressed at 48 h (Fig. 4C, E,
and G), whereas conjugated PAs (including Spd, Put, and Cad) were
compressed at 72 h of Cd treatment (Fig. 4D, F, and H). Cd reduced the
levels of free and conjugated Spm compared with their controls
(Fig. 4A–B). The changed free and conjugated PAs (except Spm) were
positively correlated with the increased content of the phenolic com-
pound, such as PhGs (Fig. 10B–C).

HPLC analysis indicated that the endogenous content of various
phytohormones changed in the Cd treatment at different times.
Although the endogenous content of IAA decreased significantly to 40%
of the control, after 48 h of the treatment, ABA was significantly in-
creased, and the BR content was not changed in any of the times
(Fig. 5). IAA was negatively related to echinacoside (r=−0.901) and
acteoside (r=−0.776), and ABA, was positively related to echinaco-
side (r= 0.849) and acteoside (r= 0.751) (Fig. 10B, Table 4).

3.4. Cadmium stimulates the phenylpropanoid pathway for the end product
biosynthesis in different routs

PAL and TAL are regulator enzymes of phenylpropanoid pathway
which the rate of changes in the activity of these enzymes showed in
Table 1 and Fig. 6 under various Cd concentrations at different times
(p≤ 0.05). The highest activities of PAL and TAL enzymes were 1.67-
and 1.3-fold higher compared with the control in 200 μM Cd at 48 h.

HPLC analysis showed a significant increase in salicylic acids, p-
coumaric acid, and ferulic acid in all treatment times (Fig. 7A–C),
whereas caffeic acid and cinnamic acid contents were decreased in all
times except 12 h and 24 h of treatment compared with their controls
(Fig. 7D–E). HPLC analysis indicated changes in the echinacoside and
acteoside contents under different concentrations of Cd and at different
times in the shoots of S. striata. Generally, the levels of echinacoside and
acteoside were higher at 48 h and 72 h of treatment compared with
their controls at 200 μM Cd (Table 1 and Fig. 8).

The correlation analysis shows that PhGs (echinacoside and acteo-
side, respectively) have a positive correlation with salicylic acid
(r= 0.792, r= 0.696), p-coumaric acid (r= 0.79,218, r= 0.796), and
ferulic acid (r= 0.7921, r= 0.696) and a negative correlation with
caffeic acid (r=−0.702, r=−0.703) and cinnamic acid
(r=−0.755, r=−0.718) (Fig. 10C). It was also realized that acteo-
side and echinacoside are positively related to the enzyme activity of,
respectively, PAL (r= 0.964, r= 0.786) and TAL (r= 0.903,
r= 0.783) (Table 4).

3.5. Flavonoid profiles in S. striata responses under cadmium

This paper reports the natural diversity of flavonoids and changes in
the levels of these compounds at Cd stress in S. striata, as determined by
HPLC. Increased levels of catechin (6.86%), luteolin (57.14%),
kaempferol (30.89%), genistin (18.63%), diosmin (22.99%), daidzein
(24.37%), and myricetin (15.13%) were determined at all treatment
times, especially at 48 h (Table 3). The naringenin content was partly
increased at 12 h and 24 h of treatment and then reduced significantly
to 37.93% of the control after 48 h of treatment (Table 3). As shown in
Fig. 10C, there were positive correlations between the key enzymes of
phenylpropanoids (PAL and TAL, respectively) and different flavonoids,
including catechin (r= 0.928, r= 0.896), luteolin (r= 0.911,
re= 0.886), kaempferol (r= 0.796, r= 0.804), genistin (r= 0.879,
r= 0.734), diosmin (r= 0.816, r= 0.751), daidzein (r= 0.693,
r= 0.690), and myricetin (r= 0.954, r= 0.829) and a negative cor-
relation with naringenin (r=−698, r=−0.684).

Fig. 1. Accumulation of Cd in the shoots of S. striata grown under 200 μM Cd.
Data are mean ± SD of three replicates. Significant differences at p≤ 0.05 are
denoted by different letters.
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3.6. Influence of time on amino acid profile after S.striata exposure to
cadmium

In sum, the changed levels of free amino acids in S. striata under Cd
was indicated in Fig. 9 and Table 2. Generally, the highest quantitative
modifications in the content of free amino acids were obtained at 48 h
of treatment. The results indicate that the contents of Phe, Tyr (pre-
cursors of phenolic compounds), Arg, Met (precursors of polyamines),
and Glu (precursors of Arg, Gln, Gly, and Pro) increased significantly at
12 h and 24 h of treatment, whereas their contents decreased sig-
nificantly at 48 h and 72 h of Cd treatments compared with the control.
The levels of Ala, Gly-Thr, Leu, Ile, His, and Asp increased significantly
at all. Val was not changed at 12 h and 24 h, but it was increased at 48 h
and 72 h times (Table 2). The correlations between all of the measured
amino acids and other metabolites are showed in Fig. 10C.

3.7. Classification of the examined metabolites

The patterns of the different metabolites which were examined
using PCA showed a strong pattern in the subdivision of metabolites.
Principal components 1 and 2 were calculated as 61.4% and 26.9%,
respectively, of the total variance in the collection of data, indicating an
obvious separation based on seedling type at 200 μM CdCl2. Generally,

Fig. 2. Modification of RDIR and SL in S. striata exposed to Cd at time course.
Data is reported as the mean ± SD of three replicates. Significant differences at
p≤ 0.05 are denoted by different letters.

Fig. 3. H2O2 content (A), level of MDA (B), and enzymatic activities of SOD (C), CAT (D), and GPOX € in S. striata exposed to Cd at time course. Data is reported as
the mean ± SD of three replicates. Significant differences at p≤ 0.05 are denoted by different letters.
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in this study, PCA showed that Cd affected significantly the total var-
iance in the collection of data (Fig. 10A). The profile of PatternHunter
showed that echinacoside as a PhG was positively correlated with dif-
ferent PAs, ABA, and H2O2 (Fig. 10B). Fig. 10C shows a high clarity
illustration from an HCA heat map colored according to the Pearson
correlation coefficient for each metabolite (red and blue display en-
hanced and reduced quantity, respectively). The HCA indicates a strong
correlation between the primary and secondary metabolites in the
seedlings treated with Cd. The HCA heat map is comprised of six main
clusters (1–6) that show a positive correlation among PAs (except Spm),
PhGs, and three phenolic acids (salicylic acid, p-coumaric acid, and
ferulic acid) and a negative correlation among three groups, including
two phenolic acids (cinnamic acid and caffeic acid) and PhGs, the
aromatic amino acids and PhGs, and other amino acids (Met, Arg, and
Glu) and PAs (Fig. 10C).

4. Discussion

Cd forms ROS which leads to oxidative stress, damage to cellular
membranes, and changes in the activity of various enzymes such as
auxin oxidase. Vitti et al. (2014) reported that the IAA level decreased
with increases in the activity of auxin oxidase in Arabidopsis thaliana
shoots under HMs stress. The current results demonstrated that in
treated S. striata shoots, the increased auxin oxidase activity may re-
duce IAA levels, which reduce the growth indices (Fig. 5B.). In return,
plants are equipped with different metabolites and the signaling path-
ways to counteract Cd toxicity (Rodziewicz et al., 2014).

Various studies have reported that the metabolism of PAs shifts
toward catabolism to prevent the harmful effects of high PA content in
stressed plants (Pála et al., 2017; Gupta et al., 2016). In the current
study, the decreased level of Spm and the increased levels of Put and
Spd indicate that S. striata has made catabolism more active, avoiding
the damage of high PA levels to confront of Cd stress. Also, it was shown
that the increased PA contents at 48 h and 72 h are accompanied by a
decrease in Glu, Arg, and Met levels as their precursors (Fig. 4 and
Table 2), which is consistent with the results of other research (Falahi
et al., 2018b; Li et al., 2016; Liu et al., 2011). These results highlight
that the changes in PA levels, metabolism direction, and the level of
their primary precursors can be the first adaptive responses in S. striata
subjected to Cd stress. These results can be compared with other re-
search findings (Alcázar et al., 2006; Groppa et al., 2007; Zafari et al.,
2017).

Previous studies have determined the complication of the relevance
among PAs and the regulation of phytohormones biosynthesis. Anwar
et al. (2015) stated that Put is positively related to the ABA

biosynthesis. The roles of Spd are quite opposite from the Put and Spm
down-regulated biosynthesis of ABA. According to HPLC analyses in the
current study, the decreased level of Spm and the increased levels of Put
and Spd may cause the increased contents of ABA in stressed S. striata
(Fig. 5).

PAs and phytohormones play clear, dual roles in the modifications
of metabolism and signaling pathways in stressed plants. Several stu-
dies have shown that ABA induces the increased enzyme activity in
polyamine oxidase which participates in the catabolism of PAs and the
production of H2O2. Generally, there is a bi-directional regular me-
chanism, so that the amounts of different polyamines regulate the
modulation of hormones as well as the amounts of ABA regulate the
metabolism direction and the level of polyamines in S. striata under Cd.
This result is consistent with other reports (Pál et al., 2018).

One of the most important paths of H2O2 production is the oxidation
pathway of PAs in plants. Diao et al. (2017) reported that different
stresses cause the increase in cellular PAs that increase the level of ABA,
the induction of the PAs catabolism direction, and the increased levels
of H2O2 in Lycopersicon esculentum. This process is performed to mod-
ulate the metabolism of polyamines and the H2O2 content for the sig-
naling pathway of resistance responses in plants (Wu et al., 2018;
Iannone et al., 2013; Guo et al., 2014). It seems that one of the me-
chanisms that S. striata applies to deal with Cd stress is the increase of
ABA, the direction regulation of PAs metabolism, and the regulation of
H2O2 content. Generally, the production of H2O2 is an extraordinarily
important process, because the level of H2O2 can determine the fate of
the plants toward death or tolerance by different mechanisms
(Kamalipourazad et al., 2016). Some researchers have reported that
H2O2 operates as a signal molecule in the signal transduction and
causes deep alterations in the activity of key enzymes in the phenyl-
propanoid pathway (PAL and TAL), different metabolite levels, and the
activity of different antioxidant enzymes to be recruited as mechanisms
for confronting under Cd (Jiang et al., 2012; Kovacik et al., 2010).

The PAL and TAL enzymes as checkpoints of the phenylpropanoid
pathway regulate the accumulation of phenolic compounds. The ac-
tivity of these enzymes is regulated by the ABA signaling pathway and
H2O2 induced by HMs (Jamalian et al., 2013; Jiang and Joyce, 2003).
The current findings showed that the increase in PAL activity was 2.10
times higher than TAL activity when the seedlings of S. striata were
subjected to Cd. These results prove that the PAL enzyme is more active
than TAL for phenolic compound accumulation in S. striata (Fig. 6).
Hamayun et al. (2017) reported that plants can alleviate the harmful
effects of Cd stress by increasing the levels of flavonoids such as daid-
zein and genistein. This result is consistent with the current results. On
the other hand, Falahi et al. (2018b) reported that increasing PhGs

Table 2
Accumulation of amino acids in S. striata exposed to Cd at time course; the values within each column are mean ± SD of three replicates. Different superscript letters
on the data show statistically significant differences at p≤ 0.05.

Amino acid (nmolg−1FW) CK Cd

12h 24h 48h 72h 12h 24h 48h 72h

Phenyl-alanine(Phe) 17.27 ± 0.38b 16.94 ± 0.03b 17.83 ± 0.08b 17.84 ± 0.04b 24.66 ± 0.03c 25.78 ± 5.89c 10.98 ± 0.03a 10.85 ± 0.08a

Tyrosine(Tyr) 13.63 ± 0.43a 15.61 ± 0.76b 19.88 ± 0.09c 19.89 ± 0.04c 19.57 ± 0.73c 23.25 ± 1.06d 15.58 ± 0.03b 13.92 ± 0.09a

Aspartic acid(Asp) 108.07 ± 1.46a 113.03 ± 2.23ab 117.22 ± 6.8b 126.07 ± 0.26c 119.12 ± 4.4b 138.16 ± 11.8d 142.39 ± 6.66d 141.55 ± 6.37d

Glutamic acid(Glu) 69.07 ± 1.7c 72.55 ± 1.5d 79.01 ± 0.37e 79.04 ± 0.17e 77.77 ± 2.89e 92.4 ± 4.21f 61.93 ± 0.13b 55.33 ± 0.34a

Arginine(Arg) 25.4 ± 0.78a 25.73 ± 0.67a 34.45 ± 1.39c 35.28 ± 0.08c 32.49 ± 0.63b 37.91 ± 1.84d 30.44 ± 1.67b 24.69 ± 0.15a

Methionine(Met) 32.08 ± 0.78a 35.41 ± 0.67a 41.1 ± 1.4c 42.52 ± 0.9cd 39.9 ± 1.11bc 44.6 ± 1.84d 38.02 ± 6.13b 31.37 ± 0.15a

Alanine(Ala) 49.06 ± 0.2a 49.68 ± 1.19a 53.34 ± 1.27b 51.92 ± 0.85b 52.34 ± 0.66b 52.6 ± 1.28b 58.17 ± 0.61c 66.33 ± 0.04d

Valine(Val) 26.17 ± 0.35b 25.24 ± 3.26b 21.55 ± 3.1a 23.94 ± 0.5a 26.42 ± 1.03b 27.07 ± 2.51b 27.14 ± 1.08b 28.41 ± 0.07c

Serine(Ser) 104.19 ± 2.85a 106.67 ± 3.8a 128.47 ± 2.88b 109.75 ± 3.53a 104.36 ± 3.79a 114.06 ± 7.6ab 116.72 ± 2.6ab 101.91 ± 0.11a

Histidine(His) 251.93 ± 5.63a 280.23 ± 11.6b 326.14 ± 6.85d 309.04 ± 8.44c 309.29 ± 4.62c 332.61 ± 0.98d 389.49 ± 1.19e 402.27 ± 0.55e

Glycine_Threonine (Gly/
Thr)

18.29 ± 0.68a 17.36 ± 0.34a 18.03 ± 1.05a 24.12 ± 1.09c 21.86 ± 0.22b 25.82 ± 1.82c 28.01 ± 1.02d 29.11 ± 1.74d

Leucine(Ile) 10.31 ± 0.35b 11.25 ± 0.27c 11.8 ± 0.08cd 9.45 ± 0.16a 11.98 ± 0.2cd 12.03 ± 0.06d 13.34 ± 0.34e 11.5 ± 0.07bc

Isoleucine(Leu) 13.28 ± 0.96a 16.96 ± 0.33b 17.58 ± 1.03b 18.16 ± 0.04b 17.87 ± 0.66b 21.23 ± 1.78c 25.36 ± 1d 32.62 ± 1.19e

Proline(Pro) 22.81 ± 2.05a 25.7 ± 3.51a 32.21 ± 2.28b 33.65 ± 2.43b 34.3 ± 1.57b 42.25 ± 2.47c 59.12 ± 4.56d 54.46 ± 1.91d
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contents as the specific phenolic compound is one of the important
resistance responses of S. striata to water stress, and that is also con-
sistent with the current results. Data in this study showed the route of
biosynthesis of phenolic compounds shifts toward the synthesis of fewer
flavonoids or more PhGs in the treated shoots of S. striata. Thus, it can
be suggested that PhGs are more active than flavonoids in the responses
of S. striata shoots to Cd. These results are accompanied by decreased
levels of aromatic amino acids, such as Phe and Tyr. These topics
highlight that Phe and Tyr are used for the biosynthesis of phenolic
compounds in S. striata under HM stress (Table 2 and Fig. 10C).

Cadmium stress causes secondary stresses, such as oxidative and
water deficiency stresses, in plants, which use various mechanisms to
deal with these stresses. Various studies have shown that phenolic
compounds as antioxidant compounds in the roots of Panax ginseng, the

shoots of Prosopis, and Phaseolus vulgaris improve responses in oxidative
stress produced by HMs (Zafari et al., 2016; Singh et al., 2008; Ali et al.,
2006; Diaz et al., 2001). Sabine et al. (2004) stated that phenolic
compounds such as flavonoids and PhGs have hydroxyl groups in their
structure which operate as electron or hydrogen donors with anti-
oxidant enzymes (SOD, CAT, and GPOX). In this study, it seems that the
activity of these enzymes was regulated by phenolic compounds such as
PhGs and flavonoids, and CAT activity increased more than GPOX ac-
tivity, displaying that CAT might be more accountable for the mod-
ulation of H2O2 than GPOX in high concentrations of Cd. Yang et al.
(2009) indicated that PhGs operate directly as scavengers of hydroxyl
free radicals and ROS which cause oxidative stress. The ROS scavenger
potency of acteoside is greater than that of echinacoside. It seems that
S. striata specifically produces more acteoside to avoid the dangerous

Fig. 4. Accumulation of free and conjugated PAs in S. striata exposed to Cd at time course: Spm (A, B), Spd (C, D), Put (E, F), and Cad (G, H) in S. striata. Data is
reported as mean ± SD of three replicates. Different superscript letters on the data show statistically significant differences at p≤ 0.05.
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effects of free radicals and ROS derived from cadmium stress. Barceló
and Poschenrieder (1990) stated that HMs induce events which cause
water deficiency stress in plants. On the other hand, Falahi et al.
(2018b) reported that PhGs such as echinacoside operate as osmotic
regulators to maintain water homeostasis; their results are consistent
with the current results. Generally, S. striata produces PhGs specifically
to cope with secondary stresses such as oxidative and water deficiency
stresses induced by cadmium stress.

In short, changes in the accumulation of amino acids as precursors
of proteins and secondary metabolites and as compatible solutes are the
main compatibility responses to avoid the toxicity of Cd in plants. The
current results indicated that proline accumulated in the treated shoots
of S. striata and may recruit as a ROS scavenger and NADP+ regenerator
to improve the damages caused by Cd stress; that is consistent with
other reports (Soares et al., 2018; Sharmila et al., 2017; Hayat et al.,
2012; Signorelli et al., 2014: Gubrelay et al., 2013; Signorelli, 2016).
Sharma and Dietz (2006) stated that Asp could operate as ligands for
Cd, Pb, and Zn, and an asparagine-HMs complex may alleviate HMs
stress; this is consistent with the current results. Zafari et al. (2016)
suggested that the reason for the reduced Glu content in prosopis treated
with Pb is that it feeds into the greater synthesis of Gln, Arg, and Pro,
and this agrees with the current results. Ahsan et al. (2012) (reported
that the enhancement of Gly may participate in the biosynthesis of
phytochelatin as the main biomarker in HMs stress, and S. striata may
use this mechanism under Cd stress. The changed level of Ser could also
be attributed to the biosynthesis of Gly and Cys during the term of the
stress (Gallardo et al., 2003; Seki et al., 2007). L-Histidine as an amino
acid contributes to the antioxidant activity by playing a substantial role
as an ROS scavenger and an inhibitor of lipid peroxidation in the stress
alleviation of plants. Therefore, the increased Ser and L-Histidine levels
caused by Cd in the treated seedlings can be an important mechanism
against stress (Table 2). Generally, changing the amino acid anabolism
by Cd is necessary for confronting S. striata shoots under cd; this result
is consistent with those of previous studies (Zafari et al., 2016).

The PCA of data clearly indicated that there were significant dif-
ferences among the plants treated by Cd and the control (Fig. 10A). Sun
et al. (2017) and Zafari et al. (2017) revealed a positive correlation

Fig. 5. Contents of phytohormones in S. striata exposed to Cd at time course: BRs (A), IAA (B), ABA (C), in S. striata. Data is reported as mean ± SD of three
replicates. Different superscript letters on the data show statistically significant differences at p≤ 0.05.

Fig. 6. Enzyme activities of PAL (A) and TAL (B) in S. striata exposed to Cd at
time course. Data is reported as mean ± SD of three replicates. Different letters
on the data show statistically significant differences at p≤ 0.05.
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Fig. 7. Contents of phenolic acids in S. striata exposed to Cd at time course: salicylic acid (A), caffeic acid (B), p-coumaric acid (C), cinnamic acid (D), and ferulic acid
(E) in S. striata. Data is reported as mean ± SD of three replicates. Different superscript letters on the data show statistically significant differences at p≤ 0.05.

Fig. 8. HPLC chromatogram of phenylethanoid glycosides: (A) standard; (B) shoot samples of S. striata, (C) level of echinacoside, and (D) level of acteoside in S.
striata exposed to Cd at time course. Data is reported as mean ± SD of three replicates. Different superscript letters on the data show statistically significant
differences at p≤ 0.05.
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Table 3
Different flavonoid contents of S. striata shoots under different concentrations of Cd. The values within each column are mean ± SD of three replicates. Different
superscript letters on the data show statistically significant differences at p≤ 0.05.

Flavonoids (μgg−1 FW) CK Cd

12h 24h 48h 72h 12h 24h 48h 72h

Catechin 7.7 ± 0.2a 8.2 ± 0.2a 9.5 ± 0.3b 9.5 ± 0.42b 8.07 ± 0.34a 9.11 ± 0.39b 10.6 ± 0.65c 10.2 ± 0.14c

Luteolin 0.11 ± 0.02a 0.13 ± 0.01a 0.15 ± 0.01a 0.17 ± 0.02 0.26 ± 0.06b 0.25 ± 0.04b 0.35 ± 0.01c 0.29 ± 0.02db

Kampferol 1.68 ± 0.18a 1.96 ± 0.05b 2.08 ± 0.05b 2.16 ± 0.08 2.06 ± 0.2b 2.61 ± 0.14c 3.01 ± 0.17d 2.47 ± 0.04c

Genistein 11.9 ± 2.5a 22.5 ± 0.7c 23.4 ± 1.3c 21.3 ± 0.3c 17.3 ± 1.02b 22.8 ± 1.61c 29.3 ± 0.76d 30.5 ± 1.15d

Diosmin 16.1 ± 0.57a 27.9 ± 0.17b 28.2 ± 0.17b 27.2 ± 2b 18.01 ± 0.22 31.01 ± 1.47c 36.2 ± 0.19d 31.85 ± 3.23c

Daidzein 10.17 ± 0.89 10.19 ± 0.07 10.35 ± 0.07 10.46 ± 0.1 12.15 ± 2.5b 12.81 ± 2.5b 13.62 ± 2.6c 13.6 ± 4.8c

Myricetin 12.3 ± 0.26b 12.7 ± 0.08b 12.9 ± 0.08b 11.3 ± 0.18 13.2 ± 0.1c 13.4 ± 0.1c 15.2 ± 1.33e 14.13 ± 0.23d

Naringenin 1.01 ± 0.21a 1.04 ± 0.06a 1.45 ± 0.07b 1.3 ± 0.04b 1.7 ± 0.05c 1.83 ± 0.05c 0.9 ± 0.07a 1.21 ± 0.04b

14.13 ± 0.23d.

Table 4
Pearson coefficient shows linear correlations among PhGs, different enzymes, H2O2, and ABA during the period of Cd treatment in S. striata shoots.

Echinacoside ABA SA MDA Acteoside H2o2 Content PAL Activity

ABA 0.849**
SA 0.792* 0.992**

MDA 0.160 0.559 0.652
Acteoside 0.230 0.751* 0.796* 0.470

H2o2 Content 0.796* 0.777* 0.807* 0.549 0.938**
PAL Activity 0.786* 0.709* 0.757* 0.621 0.964** 0.982**
TAL activity 0.783* 0.715* 0.735* 0.426 0.903** 0.893** 0.888**

Levels of significance are: **P B 0.01, *P B 0.05.

Fig. 9. HPLC chromatogram of amino acids: (A) standard; (B) S. striata shoots.
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Fig. 10. (A) Score plots of principal component analysis (PCA) show clear segregation of two components. The classification of different metabolites measured in S.
strata treated with Cd. (B) PatternHunter analysis with Pearson correlation coefficients show that echinacoside are correlated with different compounds of signaling
pathways such as PAs, phytohormones, H2O2, and PhGs. (C) Hierarchical cluster analysis (HCA) with the Pearson correlation coefficient. Colors in the matrix boxes
show the quantification and orientation of the correlations: blue and red demonstrate potent negative and positive correlations, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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between phenolic compounds, ABA, and PAs under abiotic stress. In
this research, the PatternHunter profile showed that the echinacoside
content as PhGs had a negative correlation with Spm and IAA, while it
had a positive correlation with other polyamines and ABA (Fig. 10B).
The results of HCA clusters 3, 4, and 5 shown in Fig. 10C and Table 4
indicated that Cd changes the PAs metabolism direction by regulating
the levels of PAs, the level of ABA, and the H2O2 content. Finally, the
collection of these changes increases the PAL and TAL activity, en-
hances the PhGs (acteoside and echinacoside) and phenolic acids
(ferulic acid, salicylic acid and p-coumaric acid), reduces other phenolic
acids (caffeic acid and cinnamic acid) and some amino acids like Phe,
Tyr, Arg, Met, and Glu as the precursors, respectively, for the bio-
synthesis of PhGs and PAs to improve Cd stress. Therefore, it seems that
S. striata can use a complex metabolic network and different signaling
pathways to confront Cd stress.

5. Conclusion

S. striata uses a complicated metabolic network to deal with damage
caused by Cd stress. It is activated by perceiving HMs through signaling
molecules, such as various phytohormones and H2O2. The present study
revealed that Cd caused changes in the metabolism of PAs that may
interfere with the biosynthesis of ABA, H2O2 and signaling pathways.
These signaling pathways cause fluctuations in amino acids and the
accumulation of phenolic compounds, especially PhGs that inhibit lipid
peroxidation or operate as antioxidants and osmotic regulators in the
face of conflicting demands. A significant challenge for the future
would be to identify the connection between these metabolites and the
signal molecules in the plants subjected to various stresses.
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