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Abstract

Application of signaling molecules has gained immense importance in improving the phytoremediative capacity of
plants. This study investigated the possible role of melatonin (MEL) as a signaling molecule in ameliorating lead (Pb)-
induced oxidative injury in safflower seedlings. Pot grown 10-day-old safflower seedlings were exposed to 50 uM Pb
(NO3), alone and in combination with different MEL concentrations (0-300 uM). Exposure to Pb, resulted in a severe
oxidative stress, which was indicated by reducing biomass production and enhancing the level of oxidative stress
markers (e.g. MDA and H,0,). Addition of exogenous MEL considerably decreased Pb uptake and its root-to-shoot
translocation while, biomass production of roots, stems and leaves increased significantly. With MEL application a
marked increase in reduced glutathione (GSH) content in leaves and roots was noted as compared with Pb treatment
alone. In leaves the activity of enzymes involved in glyoxalase system increased markedly by adding MEL to
Pb-sressed plants. In response to increasing MEL treatments, the phytochelatin content of leaves increased
substantially in comparison with Pb treatment alone. These findings confirmed that MEL can alleviate Pb toxicity by
reducing Pb uptake and its root-to-shoot translocation along with modulating different antioxidant systems. The results
also showed that despite the insignificant effect of melatonin on the improvement of Pb phytoremediation potential, the
application of this signaling molecule can improve the survival of safflower in Pb-contaminated soils by stimulating
antioxidant defense mechanisms.
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Introduction life (Li et al. 2015). Anthropogenic release from modern

industrial and agricultural activities has boosted Pb con-

In recent decades, increasing heavy metals (HMs) pollution
has become a serious problem. Amongst heavy metals, Pb
is one of the most hazardous toxic elements to all shapes of
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tents in the environment, leading to the elevation of human
health problems. Also Pb accumulation can cause serious
perturbations in plants (Zhou et al. 2017). Plants grown in
soils contaminated with Pb may reveal severe toxicity
symptoms caused by reactive oxygen species (ROS) gen-
eration (Rossato et al. 2012). To lessen the damage caused
by ROS, plants have evolved a wide spectrum of anti-
oxidant systems including enzymatic (e.g., superoxide
dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX) and glutathione reductase (GR)) and non-enzymatic
metabolites (e.g., GSH and non-protein thiols (NP-SH))
(Gill and Tuteja 2010).

Besides ROS, methylglyoxal (MG) is another cytotoxic
compound that accumulates in plants grown under HMs
stress (Talukdar 2016). In plants, glyoxalase system,
including glyoxalase I (Gly I) and glyoxalase II (Gly II), is
responsible for MG detoxification. Gly I can convert GSH
to S-D-lactoylglutathione (SLG) and Gly II subsequently
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Table 1 The effect of MEL on

Pb concentration and dry weight Treatments Pb concentration (ug g~' dry wt) Dry weight (mg plant™!)

in safflower seedlings under Pb Root Stem Leaf Root Stem Leaf

stress (50 uM Pb(NOs3),)
Control 0.00064¢ 0.00023, 0.00017¢ 153.84, 239.05, 470.95,
Pb 314.57, 189.71, 126.22, 32.52, 84.23, 109.37;
100 uM MEL 0.00065¢ 0.00023, 0.00016¢ 154.09, 238.85, 471.51,
Pb + 100 uM MEL 297.35, 184.04, 112.44, 35.224 88.46, 171.18,
150 uM MEL 0.00063;¢ 0.00022, 0.00014¢ 154.25, 237.61, 472.02,
Pb + 150 uyM MEL 266.02, 129.36;, 91.02, 38.744 96.034 208.394
200 uM MEL 0.00064 0.00023, 0.00015¢ 155.83, 239.14, 473.56,
Pb + 200 uM MEL 217.134 105.12, 63.714 43.16, 116.12, 281.94,
300 uM MEL 0.00063¢ 0.00021, 0.00016¢ 156.57, 239.62, 473.86,
Pb 4300 uM MEL 203.15, 73.434 29.67. 51.06, 178.94,, 311.27,

Values within each column are mean of five replicates. Different letters indicate significant difference
between treatments (Tukey’s test, P <0.05)

converts SLG to D-lactate and GSH that the latter can
reprocess (Hasanuzzaman and Fujita 2013; Talukdar
2016).

The application of efficient methods like phytor-
emediation to clean up HMs in contaminated soils can be
a really advantageous approach. Phytoremediation has
been demonstrated to be a cost-effective option for HM
soil remediation. Plants can store HMs in tissues and
sinks that can be harvested for environmentally safe dis-
posal. Therefore, enhancing HM concentrations in the
harvestable plant parts such as the leaves and stems is
desirable. It has been reported that the induction of some
antioxidant systems by applying some natural anti-
oxidants in plant exposed to HMs can increase phytor-
emediative ability (Hasanuzzaman and Fujita 2013; Xu
et al. 2015; Namdjoyan et al. 2017; Sharma et al.
2019a, 2019b). Melatonin, a potent antioxidant, has been
demonstrated as playing a crucial role in plant stress
tolerance (Cui et al. 2017; Sharma and Zheng 2019).
Because of its antioxidant capacity, MEL can quench
ROS directly. It is reported that exogenous application of
MEL can ameliorate the detrimental effects of various
biotic and abiotic stresses by stimulating antioxidant
enzymes activity and synthesis of some none-enzymatic
antioxjdants (Hasan et al. 2015). MEL also can play a
significant role in the alleviation of ROS-caused oxidative
damage through the stimulation of mitochondrial electron
transport chain that will be followed by a reduction in free
radical generation (Posmyk et al. 2008; Sarafi et al. 2017).
Furthermore, it has been reported that MEL is capable of
ameliorating toxic effects of HMs stress through the
activation of some antioxidant systems (Hasan et al. 2015;
Sarafi et al. 2017).

Because of high biomass production of crop plants and
their considerable capacity to adapt to variable environ-
ments, the application of these plants for phytoremediation

of contaminated soils has been widely used. Safflower
(Carthamus tinctorius L.), is an annual crop plant with a
vast geographical propagation. This oil seed crop is well
known from ancient times for its medicinal use. Safflower
flowers are used for coloring and flavoring the food and
the seed oil of this plant has a very high quality. In
addition to the nutritional and economic importance, saf-
flower has been reported to possess notable properties in
terms of HM tolerance and accumulation (Namdjoyan
et al. 2011; Angelova et al. 2016). Previously, we found
that some signaling molecules like salicylic acid and nitric
oxide are able to improve safflower plant tolerance to Zn-
induced toxicity (Namdjoyan et al. 2017).

Earlier studies with MEL have shown that the exo-
genous application of MEL could reduce the destructive
effects of HMs-induced oxidative stress in some plant
species (Hasan et al. 2015; Sarafi et al. 2017). The accu-
mulation capability of safflower for some heavy metals
and notable properties of this plant to tolerate the stress
caused by HMs toxicity supports evaluation of exogenous
melatonin treatments for metal tolerance and detoxification
mechanism for its utility in phytoremediation. Though,
there are several reports regarding pivotal role of anti-
oxidant molecules in alleviation of oxidative injuries in
some HM-stressed plant species (Mostofa and Fujita 2013;
Namdjoyan et al. 2017), to our knowledge, the possible
role of MEL in reduction of HMs-induced phytotoxicity
has seldom been assessed.

In this context, this study was designed to investigate the
possible effect of MEL on the improvement of Pb toxicity
tolerance in Pb-stressed safflower plants. Moreover, in order
to better understand Pb detoxification strategy and also to
estimate phytoremediative capacity of MEL, the changes in
phytochelatins (PCs) biosynthesis and glyoxalase system
activity were explored in MEL-supplemented Pb-stressed
plants. To our knowledge, this is the first study on the MEL
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participation on PC biosynthesis and MG detoxification in
Pb-stressed safflower plants.

Material and methods
Plant material and growth conditions

After surface-sterilization with HgCl, solution (0.1%, w/v),
the safflower seeds were germinated on a wet filter paper at
25 °C for 48 h under sterile conditions. Next, uniform size
germinated seedlings were transplanted in plastic pots
(20 cm x 30 cm), 8 plants per pot, filled with perlite. Full-
strength hoagland nutrient solution (Arnon and Hogland
1940) was applied. After 10 days of stabilization, Pb and
MEL treatments were applied either alone or in combina-
tion. To determine the optimal dose, preliminary experi-
ments with different concentrations of Pb(NO3), and MEL
were carried out independently (data not presented). Pb
treatments (0 and 50 uM Pb(NOs),) were applied by root
irrigation and foliar portions of seedlings were simulta-
neously sprayed with five levels of MEL (0, 100, 150, 200
and 300 uM) in pots containing 8 plants as follows: (T;)
Control (0uM Pb(NO3), +0uM MEL), (Tp) (50 uM Pb
(NO3); +0uM MEL), (T3) (OpM Pb(NOj3), + 100 uM
MEL), (T4) (50 uM Pb(NO3), + 100 uM MEL), (T5) (0 pM
Pb(NO3), +150uM  MEL), (T¢) (S0pM Pb(NO3), +
150 uM MEL), (T7) (0 pM Pb(NO3); 4 200 uM MEL), (Ts)
(50 uM Pb(NO3); 4 200 uM MEL), (To) (0 uM Pb(NO3), +
300 uM MEL), (T;p) (50 uM Pb(NO;), + 300 uM MEL)
(Table 1) To prepare sprayed MEL solution, MEL was
dissolved in 100% ethanol at a concentration of 10 mM and
stored at —20°C as a stored solution. At the time of use,
stored solution was further diluted in to different concentra-
tions. Hoagland solutions with or without Pb, were changed
every 5 days followed by foliar spray of melatonin and their
pH adjusted to 6.5. A completely randomized design with
five replicates was carried out. Plants were grown in a
controlled-environment growth room with the following
conditions: 16/8 light/dark photoperiod and photon flux
density 200 umol m~>s~!, Day/night temperature of 26/22 °C
and 65+ 5% relative humidity. The plants were harvested
after 14 days of growth and subsequently separated the root,
stem and leaf samples. The samples were dried at 80 °C for
48 h to estimate plant dry mater and Pb concentration.

Concentration of Pb

Powdered root, stem and leaf samples (2 g) were digested in
a 5ml of ternary mixture of HNO5:H,SO4:HCIO,4 (10:1:4
(v/v/v)). By using atomic absorption spectrophotometer
(Perkin Elmer, Germany) the concentration of Pb in dif-
ferent samples was measured.
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Chlorophyll contents

Fresh leaf samples (0.2 g) after homogenization in 80%
acetone were filtered. Finally, total chlorophyll contents of
homogenates were measured spectrophotometrically at 645
and 663nm using method described by Lichtenthaler
(1987).

Analysis of lipid peroxidation

According to method described by Heath and Packer
(1968), the levels of lipid peroxidation were estimated after
evaluating malondialdehyde (MDA) content in tissues. To
achieve this, fresh leaf samples (0.5 g) were ground in 5 ml
of 0.1% trichloroacetic acid (TCA). Next, resultant was
centrifuged for 5min at 10,000 x g. After adding 1 ml of
supernatant to 4 ml of 0.5% thiobarbituric acid (TBA) in
20% TCA, the mixture was incubated at 95 °C for 30 min
and then cooled quickly on ice. Finally, the absorbance of
centrifuged mixture was evaluated at 532 and 600 nm (E =
155 mM ' em™).

Hydrogen peroxide (H,0,) determination

Hydrogen peroxide content measurement was performed
spectrophotometrically in accordance to Velikova et al.
(2000). The extraction was done using leaf samples (0.2 g)
in 3 ml of 0.1% (w/v) TCA in a bath. Supernatant were then
centrifuged for 15 min at 12,000 x g. After mixing 0.5 ml of
phosphate buffer (pH 7.0) and 1 ml of 1 M KI with 0.5 ml of
supernatant, the content of H,O, was estimated by the
measurement of absorbance at 390 nm (E = 0.28 uM*1 cm ™)
and stated as umol g~! FW (Fresh weight).

GSH and GSSG contents

The recycling method described by Anderson (1985) was
used to assess GSH and GSSG content. To achieve this,
500 mg of fresh root and leaf samples were homogenized in
0.3 ml of 5% sulfosalicylic acid. After that, the supernatant
was centrifuged at 10,000 x g for 10 min and then, a 0.5 ml
aliquot of supernatant was added in a tube containing 0.5 ml
reaction buffer [0.1 M phosphate buffer (pH 7.0), 0.5 mM
EDTA and 50l of 3mM 5,5'-dithio-bis (2-nitrobenzoic
acid) (DTNB)]. The determination of GSH content was
done by reading the absorbance at 412 nm. GSSG was
calculated by subtracting the GSH from the total glutathione
concentration.

Extraction and assay of phytochelatins (PCs)

Phytochelatins content was determined by the method
described by Molina et al. (2008). Briefly, Fresh root and
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leaf samples of a known weight (0.1 g) were homogenized
in 3 ml of 3% (w/v) sulfosalicylic acid for 30 min for the
extraction of nonprotein thiols. Homogenized material
was centrifuged at 10,000 x g for 15 min at 4 °C. Then, a
100 pl of the supernatant immediately mixed with 1 ml of
Tris-HCI (0.2 mM, pH 8.2) and 75ul DTNB (10 mM).
Next, the mixture was incubated for 10 min and then its
absorbance was estimated at 412 nm. An aliquot without
DTNB was prepared to adjust the spectrophotometer to
zero absorbance. The difference between non-protein
thiols and GSH was considered in theoretical determina-
tion of PCs.

Enzyme assays

Homogenization of fresh samples (500 mg) was performed
in 5 ml of ice cold potassium phosphate buffer (50 mM, pH
7.5) including 1 mM EDTA, 1% polyvinylpyrrolidone
(pvp), using a prechilled mortar and pestle. In accordance
to Bradford (1976), the content of protein was estimated
via applying bovin serum albumin (BSA) as a standard.
The estimation of SOD (EC 1.15.1.1) activity was per-
formed by preparing 1.5 ml of reaction mixture containing
100 mM phosphate buffer (pH 7.5), 13 mM methionine,
2.25mM nitroblu tetrazolium (NBT), 0.1 mM EDTA,
60 uM riboflavin, and enzyme extract. One unit of SOD
activity was described as the volume of enzyme needed to
cause 50% reduction in color at 560 nm (Beauchamp and
Fridovich 1971).

A mixture containing 25 mM phosphate buffer (pH 7.0,
containing 0.1 mM EDTA), 10 mM H,0,, and the enzyme
was prepared to estimate CAT (EC 1.11.1.6) activity. The
decline in H,O, absorbance at 240 nm within 1 min (£ =
39.4mM ! cm™!) was recorded (Aebi 1984).

According to Nakano and Asada (1987), the activity of
APX (EC 1.11.1.11) was estimated by preparing an assay
mixture consisted of 50 mM phosphate buffer (pH 7.0),
0.1 mM EDTA, 0.1 mM H,0,, 0.5 mM sodium ascorbate,
and the enzyme aliquot. Subsequently, rate of ascorbate
oxidation was estimated at 290 nm (E =2.8 mM~! cm™).

Following the previously described method of Polle et al.
(1994), a reaction mixture containing 100 mM phosphate
buffer (pH 7.0), 20 mM guaiacol, 10 mM H,0, and enzyme
was prepared for the evaluation of GPX (EC 1.11.1.7)
activity. The enzyme activity was calculated via an increase
in absorbance at 470 nm (E =26.6mM ' cm™}) through the
oxidation of guaiacol.

Gly I (EC 4.4.1.5) estimation was performed according
to method described by Hossain and Fujita (2010). Briefly,
an assay mixture, in a final volume of 0.7 ml, was prepared
via mixing 100 mM potassium phosphate buffer (pH 7.0),
15 mM magnesium sulfate, 1.7 mM GSH, 3.5 mM MG, and

the enzyme aliquot. The reaction was started by adding MG
and the activity was calculated at 240 nm for 1 min (E =
337uM ! em™h.

For estimating Gly II (EC 3.1.2.6) activity, an assay
mixture, in a final volume of 1 ml, including 100 mM Tris-
HCI buffer (pH 7.2), 0.2mM DTNB, 1 mM SLG and
enzyme extract was prepared. After adding SLG, Gly I
activity was calculated by monitoring the formation of
GSH at 412nm for 1 min (E=13.6uM "' cm™') (Princi-
pato et al. 1987).

All spectrophotometeric analyses were performed at
25 °C using a UV-vis spectrophotometer (Model UV-1601
PC, Shimadzu, Japan).

Statistical analysis

Data presented in figures and table are means + standard
error (SE) of three replicates, with the exception of growth
parameters and Pb concentration, where five replications
were used. ANOVA accompanied by separation of treat-
ment means applying post hoc Tukey’s test (P < 0.05) was
done to determine the significant difference between
treatments.

Results
Biomass yield and Pb accumulation

Exposure to Pb caused visible toxicity symptoms, like leaf
chlorosis and reduced growth, in safflower seedlings.
However, these symptoms improved considerably upon
MEL addition. In comparison with the controls (T;), Pb
treatment resulted in a remarkable reduction in plant bio-
mass production in different parts of safflower seedlings
(Table 1). However, the lowest dry weight belonged to the
root tissues, which showed a 78% decrease compared to the
control samples (Table 1). As shown in Table 1, dry weight
of roots and stems Pb-stressed plants increased slightly up
to 100 uM MEL, while at higher concentration of MEL
(150-300 uM MEL), root and stem dry weight of Pb-
treated plants increased significantly when compared to
control samples (T;). In leaves of Pb-stressed safflower
seedlings, biomass production increased progressively at
all of the MEL concentrations with respect to Pb treatment
alone (Table 1).

The Pb concentration increased considerably in roots,
stems and leaves of plants exposed to Pb treatment with
respect to the controls (Table 1). However, as shown in
Table 1, the application of MEL treatments decreased the
accumulation of Pb in different parts of Pb-treated safflower
with respect to Pb treatment alone.
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Fig. 1 The effect of MEL on levels of total chlorophyll (a), MDA (b)
and H,0O, (c¢) in the leaves of safflower seedlings under Pb stress
(50 uM Pb(NO3),). Bars indicate the mean of three replicates + S.E.
Different letters indicate significant difference between treatments
(Tukey’s test, P < 0.05)

Total chlorophyll content

The chlorophyll content of Pb-stressed plants depleted sharply
compared with the controls (Fig. 1a). Though, the chlorophyll
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content of MEL-supplemented Pb-treated plants increased
significantly in all doses of MEL compared with Pb treatment
alone (Fig. 1a). Upon application of 300 uM MEL, a 56%
increase in chlorophyll content of Pb-stressed plants was
observed in comparison with Pb treatment alone (Fig. 1a).

MDA and H,0, accumulation

Figure 1b, shows the MDA content of leaves, as a lipid
peroxidation biomarker, in Pb-stressed plants. The content
of MDA in Pb-treated plants was 2.9-fold higher when
compared with the controls. Notably, upon addition of
increasing MEL treatments the content of MDA in plants
treated with Pb decreased significantly in comparison with
Pb treatment alone (Fig. 1b). The lowest MDA content in
leaves of MEL-supplemented Pb-stressed plants was noted
at 300 uM MEL which was by 35% lower than in plants
treated with Pb alone (Fig. 1b).

In comparison with the control, the level of H,O, induced
sharply in plants exposed to Pb treatment alone (Fig. 1c).
However, with supplying MEL from 100 to 300 uM, the
content of H,O, decreased significantly in Pb-treated plants,
with respect to plants treated with Pb alone (Fig. 1c).

GSH and GSSG content

When safflower plants were exposed to Pb treatment alone,
the level of GSH and GSH/GSSH ratio in both roots and
leaves increased significantly (Fig. 2a, c). Though, upon
addition of MEL treatments, a more marked increase in the
level of GSH and GSH/GSSG ratio was recorded in both
roots and leaves of Pb-stressed plants in comparison with
plants treated with Pb alone (Fig. 2a, c). In roots of Pb-
stressed safflower seedling the highest GSH content was
noted at 200 uM MEL (Fig. 2a). The maximum GSH level of
leaves was recorded at 150 uM of MEL, which was by around
42% higher than in plants treated with Pb alone (Fig. 2a).

The levels of GSSG in root and leaf tissues of Pb-treated
plants increased substantially as compared to the controls
(Fig. 2b). In both roots and leaves of Pb-stressed safflower
plants supplemented with increasing MEL treatments, the
level of GSSG exhibited a marked reduction when com-
pared with plants treated with Pb only (Fig. 2b).

Total phytochelatin content

The content of PC increased significantly in root and leaf
tissues of Pb-treated plants in comparison with the control
(Fig. 2c). In Pb-stressed plants, adding MEL from 100 to
300 uM caused a remarkable increase in PC levels of
leaves, while in roots the content of PC increased slightly
when compared with plants treated with Pb alone (Fig. 2c¢).
However, in all MEL treatments, Pb- stressed plants
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Fig. 2 The effect of MEL on levels of GSH (a), GSSG (b), GSH/
GSSG (c¢) and PCs (d) in the roots and leaves of safflower seedlings
under Pb stress (50 uM Pb(NO3),). Bars indicate the mean of three

tended to contain a higher PC content in leaves than in
roots (Fig. 2c).

Antioxidant enzyme activity

Compared to the controls, a significant increase in SOD and
APX activity was noted in response to Pb treatment alone
(Fig. 3a, b). Conversely, upon addition of increasing MEL
treatments the activity of SOD and APX decreased remark-
ably in comparison with Pb treatment alone (Fig. 3a, b).

As compared to that of controls, the activity of CAT and
GPX increased slightly in Pb-stressed safflower seedlings
(Fig. 3c, d). However, MEL supplementation exhibited a
pattern different to that of SOD and APX (Fig. 3c, d). CAT
and GPX activities increased sharply in Pb-stressed plants
subjected to increasing MEL treatments, with respect to
plants treated with Pb alone (Fig. 3c, d).

A substantive increase in GR activity was recorded in
Pb-treated plants, when compared with the controls (Fig.
3e). The GR activity in plants exposed Pb treatment was
2.2-fold higher in comparison with the control
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significant difference

(Fig. 3e). Adding MEL treatments to Pb-stressed safflower
plants resulted in a further increase in GR activity compared
with Pb treatment alone (Fig. 3e).

Activity of glyoxalase system enzymes

The activity of both enzymes involved in glyoxalase system
increased substantially in Pb-stressed plants, when com-
pared with the controls (Fig. 4a, b). In response to
increasing MEL treatments, Gly I and Gly II activity further
increased with respect to plants treated with Pb alone (Fig.
4a, b). At 300 uM MEL, 58 and 77% increases were noted
in the activity of Gly I and Gly II, respectively, with respect
to safflower plants treated with Pb alone (Fig. 4a, b).

Discussion
In this study, the exposure of safflower seedlings to Pb

treatment resulted in a substantive reduction of biomass
production along with the induction of toxicity symptoms
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Fig. 3 The effect of MEL on activity of SOD (a), APX (b), CAT (c),
GPX (d) and GR (e) in the leaves of safflower seedlings under Pb
stress (50 uM Pb(NOs3),). Bars indicate the mean of three replicates +

like leaf chlorosis. These suggest oxidative injury induced
by Pb toxicity. Our findings are in accordance with many
other reports regarding destructive effects of HMs on plants
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S.E. Different letters indicate significant difference between treatments
(Tukey’s test, P <0.05)

growth conditions (Hasanuzzaman and Fujita 2013; Hasan
et al. 2015; Namdjoyan et al. 2017). Pb-accumulation
scheme in the safflower seedlings (roots > stems > leaves)
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Fig. 4 The effect of MEL on activity of Gly I (a) and Gly II (b) in the leaves of safflower seedlings under Pb stress (50 uM Pb(NOs3),). Bars
indicate the mean of three replicates + S.E. Different letters indicate significant difference between treatments (Tukey’s test, P <0.05)

exhibit an presence of a kind of protective barrier
restraining Pb from permeating to stems and leaves of
safflower seedlings from its roots. Roots are the first part of
exposure to metal toxicity; therefore, the biomass produc-
tion of roots was affected more severely by detrimental
effects of Pb toxicity. Though, adding MEL to Pb-stressed
plants resulted in a noticeable improvement of growth and
biomass production of roots, stems and leaves. Improved
growth and biomass production of root and shoot under
MEL addition can be attributed to role of MEL in alle-
viating Pb uptake and reducing further root-to-shoot
translocation of this element and its efficient binding to
PCs and subsequent sequestration of Pb-PC complex to the
leaf vacuoles. Correspondingly, as discussed below, PCs
levels revealed significant increases in leaves in response to
the MEL application. Elevated production of thioles like
GSH and PCs in leaves of MEL-supplemented safflower
plants may be attributed to improved biomass production of
these tissues.

One of the essential characteristics of plants used in
phytoremediation technique is their ability to accumulate
heavy metals into harvestable plant parts such as stems and
leaves. Considering that MEL application in this study led
to decrease of Pb transfer from root to aerial parts of saf-
flower seedlings, it seems that the application of this sig-
naling molecule probably would not have a significant
effect on increasing the ability of safflower in the Pb phy-
toremediation of soils contaminated with Pb.

Since leaves are the major photosynthetic organs of
plants and therefore more sensitive to heavy metal toxicity
than stems, it seems that the higher levels of Pb in stems
than in leaves could be another possible mechanism to
minimize the damage caused by heavy metal to the photo-
synthetic apparatus.

Leaf chlorosis is a prevalent symptom of chlorophyll
degradation induced by stressors. Inhibited chlorophyll
synthesis in Pb-stressed safflower plants can be related to
destructive effects of Pb toxicity on chlorophyll biosynth-
esis. Furthermore, Pb-induced inhibition of chlorophyll
biosynthesis may be associated with Mg and Fe absorption.
Pourrut et al. (2011) previously stated that Pb treatment can
reduce Mg and Fe uptake in plants. Interestingly, upon
MEL application the chlorophyll content of Pb-treated
safflower plants increased sharply (Fig. la). It has been
reported that ROS generated during HM stress can cause a
marked decrease in chlorophyll content (Kastori et al.
1998). Thus, we proposed that the increased chlorophyll
content in our study could be due to antioxidant nature of
MEL and its ability to activate antioxidant systems in saf-
flower cells (Hasan et al. 2015; Cui et al. 2017). Weeda
et al. (2014) reported that the MEL is able to downregulate
chlorophyllase responsible for chlorophyll degradation.
Taken together, it seems that improvement of toxicity
symptoms under MEL supplementation is linked to its
pivotal role as an efficient antioxidant.

In our study, the content of MDA, a lipid peroxidation
biomarker, strikingly increased under Pb stress (Fig. 1b).
This is consistent with previous studies that reported
induced lipid peroxidation due to HM-induced ROS pro-
duction (Kazemi et al. 2010; Wang et al. 2013; Hasan et al.
2015). However, the application of MEL conspicuously
depleted MDA content in Pb-stressed safflower plants (Fig.
1b), highlighting its active role on the alleviation of detri-
mental effects of HM-induced ROS. It seems that depleted
lipid peroxidation in MEL-supplemented Pb-stressed plants
is due to considerable effect of MEL on the activation of
some antioxidant systems (Hasan et al. 2015; Cui et al.
2017).
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In the present study, the content of H,O, increaseed
remarkably in Pb-stressed plants (Fig. 1lc), showing the
generation of ROS under Pb excess. It is well authenticated
that in parallel with HM stress the level of H,O, rises in
plants (Wang et al. 2013). However, supplying with MEL
led to a marked reduction in H,O, levels of Pb-stressed
plants (Fig. Ic). This result is presumably, due to direct
effect of MEL as a ROS quencher and/or its effect on the
activity of antioxidant enzymes responsible for ROS
scavenging (Cui et al. 2017).

In the present study, GSH content increased sharply in
roots and leaves of Pb-stressed plants (Fig. 2a), indicating
crucial role of GSH on Pb detoxification. The increased
level of GSH in Pb-stressed safflower plants can be due to
the upregulation of the activity of GR involved in ASA-
GSH cycle (Hasanuzzaman and Fujita 2013). Moreover, the
function of GSH as a signal molecule in HM-stressed plants
has been proved (Seth et al. 2012). Further increase in GSH
content of the roots and leaves of MEL-supplemented Pb-
stressed plants (Fig. 2a) may be attributed to fact that MEL
is able to elevate GSH biosynthesis. Cui et al. (2017)
demonstrated that MEL is able to induce GSH biosynthesis
under various stress conditions in associated with low H,O,
levels. Also, Wang et al. (2012) reported that exogenous
MEL increased GSH content in plants by inducing
expression of genes responsible for GSH biosynthesis
(Hasan et al. 2015; Wang et al. 2012). In this study, GSH
depletion in leaves of MEL-supplemented Pb-stressed
plants at higher concentration of MEL may be attributed to
its effective consumption during PC biosynthesis.

In our study, exposure of safflower seedlings to Pb
treatment caused a marked increase in GSSG content of
roots and leaves (Fig. 2b). The increase in GSSG content
may be due to the response of GSH to oxyradicals created
during heavy metal stress or because of an increase in the
activity of some enzymes involved in H,O, decomposition
like glutathione S-transferase (Hasanuzzaman and Fujita
2013). Decrease in GSSG content under HM-induced
toxicity has been documented in several studies (Mishra
et al. 2006; Namdjoyan et al. 2012; Hasanuzzaman and
Fujita 2013). Interestingly, adding MEL to Pb-stressed
safflower plants resulted in reduction of GSSG content in
both roots and leaves (Fig. 2b). This may be attributed to
elevated GSH synthesis by MEL treatment.

In many physiological functions of the cell, the rela-
tively higher levels of GSH/GSSG ratio is fundamental.
Therefore, the evaluation of the GSH/GSSG ratio is con-
sidered as an important marker to determine the cellular
redox status and a useful indicator of oxidative stress (Cui
et al. 2017). A higher GSH/GSSG ratio in Pb-stressed
safflower seedlings may be correlated to an over-
compensation through the reinforced recycling of GSH as
an antioxidant and a reductant. The increased GSH/GSSG
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ratio upon Pb treatment in safflower plants may also indi-
cate the potential of this plant to tolerate Pb stress. In this
experiment, adding MEL led to a further increase in GSH/
GSSG ratio of Pb-stressed safflower seedlings (Fig. 2c),
highlighting the possible role of MEL in ROS balance
through the creation of relatively higher levels of GSH/
GSSG ratio (Cui et al. 2017).

In our study, the content of PC in both root and leaf
tissues increased under Pb treatment alone (Fig. 2d), indi-
cating the active involvement of PCs in Pb detoxification
possibly by the chelation of Pb and the subsequent com-
partmentalization of PC-Pb complex. Adding MEL caused
a further increase in PCs level of leaves of Pb-stressed
safflower seedlings while a slight PCs increase was recor-
ded in roots (Fig. 2d). This suggested that MEL could
effectively induce PC biosynthesis in leaves of Pb-stressed
plants, resulting in higher binding of Pb with PC. In like
manner, Hasan et al. (2015) reported that MEL treatment
can induce PC biosynthesis in Cd-stressed tomato plants
via the induction of genes responsible for PC and GSH
biosynthesis. Binding of Pb to cell wall or GSH may be
responsible for lower PC content of roots of Pb-stressed
safflower plants.

Exposure to Pb caused a sharp increment in SOD and
APX activity, showing their active role in Pb detoxification.
Increased activity of SOD and APX under Pb toxicity may
be associated with elevated levels of ROS or upregulated
expression of genes accountable for SOD and APX bio-
synthesis (Mishra et al. 2006). By adding MEL, SOD and
APX activity decreased in Pb-stressed seedlings (Fig. 3a, b).
Hasan et al. (2015) suggested that MEL as a signal mole-
cule plays an active role in ROS detoxification through
activation of various antioxidant defense systems. Accord-
ing to decreased H,O, levels in MEL-supplemented Pb-
stressed safflower plants, it seems that MEL can directly act
as a ROS quencher. This can justify depleted levels of SOD
and APX activity in our study.

Exposure of safflower seedlings to Pb treatment exhib-
ited a slight increase in CAT and GPX activity (Fig. 3c, d).
Though, by applying MEL treatments the activity of both
CAT and GPX increased sharply (Fig. 3c, d). We proposed
that MEL is able to scavenge Pb-induced ROS directly
because of its antioxidative nature and indirectly via acti-
vation of enzymes like CAT and GPX. Our results are
consistent with those in MEL-supplemented Cd-stressed
plants (Hasan et al. 2015). Cui et al. (2017) reported that
MEL is capable of inducing genes encoding GPX.

In this study, a sharp increase in GR activity was
observed in Pb-stressed plants (Fig. 3e), indicating its cru-
cial role to recycle GSSG to GSH and maintain a high ratio
of GSH/GSSG (Mishra et al. 2011; Hasanuzzaman and
Fujita 2013). We suggested that Pb treatment increased the
activity of GR, thus resulting in higher accumulation of
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GSH. This strategy can result in reduction of oxidative
damage induced by Pb toxicity. However, under all of MEL
doses, GR activity further increased (Fig. 3e). Hasan et al.
(2015) reported that increased activity of GR, as an effec-
tive ROS-scavenging mechanism, is necessary to maintain
the GSH/GSSG ratio in MEL-supplemented Cd-stressed
tomato plants. Furthermore, according to the important role
of GR to recycle the GSSG to GSH and subsequent pro-
duction of PCs, the increase of GR activity also may be
attributed to the more synthesis of PC.

In the current study, Gly I and Gly II activity increased
significantly in Pb-treated plants (Fig. 4a, b). Upregulation
of these enzymes under HM stress has been demonstrated in
some plant species (Hasanuzzaman and Fujita 2013; Mos-
tofa and Fujita 2013; Namdjoyan et al. 2017). An increase
in glyoxalase system activity under Pb treatment in our
study reveals the active role of this antioxidant system in
Pb-induced MG detoxification probably through greater
accumulation of GSH. Notably, applying MEL effectively
further stimulated Gly I and Gly II activities in Pb-stressed
safflower plants (Fig. 4a, b), indicating active role of MEL
in Pb detoxification via provoking glyoxalase system
activity. Noctor et al. (2012) stated that glyoxalase system is
responsible for maintaining redox homeostasis through
GSH regeneration. We proposed that MEL may effectively
alleviate Pb-induced MG through the increase in GSH
biosynthesis. Moreover, according to the positive correla-
tion between MEL and glyoxalase system activity, it seems
that MEL is able to reinforce GSH regeneration through the
glyoxalase system.

Conclusion

The present study shows that excessive Pb results in oxi-
dative injury to plants as indicated by the elevated levels of
oxidative stress markers and reduced biomass production. It
seems that MEL application can considerably decrease the
deleterious effects of Pb stress through the induction of
thiols synthesis accompanied by the activation of some
antioxidant enzymes. Apparently, MEL can attenuate
destructive effects of Pb toxicity on photosynthetic
machinery and biomass production via reduction in Pb
uptake and its translocation from roots to above ground
parts of safflower seedlings. As the leaves of MEL-
supplemented Pb-stressed plants accumulated high levels
of thiols like PCs, It seems that decreased root-to-shoot Pb
translocation and efficient chelation of this element by PCs
and also the subsequent compartmentalization and seques-
tration of the PC-Pb complex under MEL supplementation
might be a useful strategy to alleviate Pb toxicity. More-
over, an increase in glyoxalase system activity may be
further potent strategy against Pb toxicity. However, the

decrease in Pb accumulation especially in the aerial and
harvestable parts of safflower plants, suggests that the MEL
has little effect of increasing the phytoremediation potential
of Pb. In further experiments, one can envisage conducting
field experiments with other plant species to clarify MEL
application as a cost-effective approach to progress the
survivability of plants in soils contaminated with Pb.
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