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ABSTRACT ARTICLE HISTORY

The present study investigated the mediatory effects of salicylic acid (SA) Received 13 July 2015

in alleviating nickel (Ni) toxicity in Melissa officinalis L. One-month-old Accepted 26 June 2016
plants were exposed to different levels of Ni and SA concentrations in KEYWORDS

sand culture under greenhouse conditions. Excess Ni significantly inhib- Excluder plant; lipid
ited the growth indices and dramatically increased accumulation of Ni in peroxidation;

the leaves and roots. Exogenously SA applications (1.0 mM) led to a malondialdehyde; Melissa
substantial improvement in the shoot and root fresh and dry weights. officinalis L.; nickel stress;
Foliar application of SA mitigated the deleterious effects of Ni and salicylic acid; translocation
decreased its transport to the shoots. The results showed a significant factor

loss in chlorophylls and carotenoids contents only at 500 puM of Ni. The

impact of SA was not significant in terms of chlorophyll contents, while

carotenoid contents of the Ni-stressed plants were significantly affected

by SA. Exposure to Ni did not modify proline accumulation. Hydrogen

peroxide accumulation was observed under Ni stress, while lipid perox-

idation significantly decreased at the same conditions. Application of SA

caused a significant decrease in electrolyte leakage of Ni-stressed plants.

Due to the high potential for Ni accumulation in the roots and transloca-

tion factor values lower than 1, M. officinalis could be introduced as an

excluder medicinal plant.

Introduction

Lemon balm (Melissa officinalis L.) is an important medicinal plant in the family of Lamiaceae. This
medicinal herb is native to the Eastern Mediterranean regions, central and southern Europe and
Asia Minor. In Iran, this plant grows wildly or is cultivated in the north, northwest and western parts
of the country (Anon 2002). The leaves of plant contain three major groups of phytochemical
compounds, namely protocatechuic acid, caffeic acid and rosmarinic acid. The herb exhibited a
wide scope of pharmaceutical properties such as sedative, carminative, antispasmodic, antibacter-
ial, antiviral, antifungal, anti-inflammatory and antioxidative. Furthermore, M. officinalis is used to
treat Graves’, Alzheimer’s and thyroid diseases (Kim et al. 2010; Weitzel & Petersen 2011).
Salicylic acid (SA) is considered as a hormone-like substance, influences various physiological
and biochemical functions in plants. It can act as a potent signalling molecule and has diverse
effects on tolerance to biotic and abiotic stresses (Saeidnejad et al. 2012). SA is involved in the
plant’s responses to many types of abiotic stresses such as salinity, drought, heat, cold and
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herbicide stress (Radwan et al. 2010). Furthermore, SA can ameliorate the injurious effects of heavy
metals in plants. SA pretreatment has alleviated the adverse effects of Cd in pea seedlings (Popova
et al. 2009) and Mn toxicity in cucumber (Shi & Zhu 2008) and deleterious effects of nickel (Ni) on
growth of Catharanthus roseus L. plants (Idrees et al. 2013). Protective effects of SA including
upregulation of antistress processes and recovery of growth processes have been reported (Ahmad
et al. 2011). Exogenous SA could regulate the activities of antioxidant enzymes and increase plant
tolerance to abiotic stresses (Yusuf et al. 2012). SA effects on stress adaptation and damage
development of plants depend on plant species and concentration, method and time of SA
application (Kazemi et al. 2010).

Ni, one of the important heavy metal pollutants, is of considerable concern because its
concentration is rapidly increasing in soils of different parts of the world (Kaur et al. 2012). Ni is
an essential metal ion which is required in traces amounts for growth and development of
higher plants; however, it is strongly phytotoxic at high concentrations for the majority of
plant species and alters their various physiological processes (Kazemi et al. 2010). The most
common symptoms of Ni toxicity are damages on the photosynthetic apparatus and thereby
decreasing chlorophyll content (Yusuf et al. 2012). Ni also causes inhibition of seed germina-
tion, increase in ion leakage, disorder in mineral nutrition, sugar transport, water relations and
reduction in root development in plants (Seregin & Kozhevnikova 2006; Maheshwari & Dubey
2009; Dubey & Pandey 2011). At cellular level, high concentrations of Ni stimulate the
production of reactive oxygen species (ROS) such as O, and H,0, and oxidative stress
would arise if the balance between ROS generation and elimination were broken. Therefore,
plant cells contain protective and repair systems that, under normal circumstances, minimize
the occurrence of oxidative damage (Yan et al. 2008; Kazemi et al. 2010). Therefore, plant cells
dispose of complex defence mechanisms against toxic concentrations of heavy metals, includ-
ing enzymatic and non-enzymatic antioxidants, ion complexation and transport processes and
proline accumulation (Smeets et al. 2008; Lu et al. 2010b; Yusuf et al. 2011). In the last years,
some studies have revealed the existence of different plant metal transporter families such as
heavy metal-associated transporters, natural resistance-associated macrophage proteins, cation
diffusion facilitators and ZIP family of metal transporters, as well as metallothioneins and
phytochelatins that regulate metal homeostasis, root to shoot metal translocation and also
probably they are involved in mediating metal-resistant and metal-hyperaccumulating char-
acters (Ovecka & Taka¢ 2014; Park & Ahn 2014). Because of the drastically increasing heavy
metal contaminations of agricultural soils, it is obvious that safety of the plants as medicinal
herbs or food is important for human health. Due to the presence of essential oils, phenolic
acids and flavonoids and consequently high antioxidant capacity, many studies have proved
that the aerial parts of M. officinalis are used as tea to reduce oxidative stress in human
(Rashidi et al. 2014). As Ni is toxic for humans (>1 mg/day), so contamination of plant
preparation with high concentration of Ni can cause health problems (Stanojkovic-Sebic
et al. 2015). However, a number of recent studies have shown that foliar application of Ni
could provide beneficial effects on the chemical composition and yield of essential oil and
herbage of some aromatic and medicinal plants that are used for pharmaceutical and edible
purposes (Teixeira da Silva et al. 2012).

Since some plant species are able to uptake and accumulate large amounts of heavy metals
without showing any severe toxic symptoms, therefore further studies are needed to evaluate the
tolerance level of medicinal plants against heavy metals, as well as to determine the amounts of
heavy metals in different plant tissues (Hajar et al. 2014).

M. officinalis is cultivated as a medicinal plant in many countries, and aerial parts of the
plant are used as a source for medicinal preparations. As for M. officinalis, little information
concerning the physiological and biochemical mechanisms and defence responses of this plant
to heavy metals stress is available. The present study was designed to evaluate the changes in
some morphological, physiological and biochemical traits of Ni-exposed M. officinalis plants by
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exogenous application of SA; also, Ni accumulation/translocation was assessed in order to
determine its tolerance to the applied ion metal doses. The hypothesis tested was that SA
may protect the plants from the stress, generated by Ni.

Materials and methods
Plant materials and growth conditions

The seeds of M. officinalis were collected from the Pakan Bazr Company, Isfahan, Iran. The uniform
and healthy-mature seeds were surface sterilized with 70% ethanol for 1 min and then 0.125%
solution of sodium hypochlorite for 10 min and thoroughly rinsed with distilled water. The
sterilized seeds were transferred into each plastic pot containing well-washed sand under glass-
house conditions. Mean day temperature was 28°C + 5°C and night temperature was 22°C + 3°C,
with photon flux density 400-600 uM m™2 s™' (PAR), 16/8 light/dark photoperiod and average
relative humidity 35.9% * 6.5% during the entire growth period. When the seedlings emerged from
the sand, they were thinned to seven per pot. Hoagland’s nutrient solution half-strength (Hoagland
& Arnon 1950) was supplied to all pots for 30 days.

Experimental design

We carried out a factorial experiment based on randomized complete block design with two factors
and three replicates. The factors were different concentrations of Ni solutions with seven levels (0, 25,
50, 75, 100, 250 and 500 uM) and SA with two levels (0 and 1.0 mM). The plants at four-leaf stage were
placed in different Ni (NiCl,.6H,0) levels on Hoagland solution. The Ni treatment solutions were
applied every alternate day after leaching well the metal and nutrient solution already present in the
sand. To maintain the moisture content of the sand, 100 mL of distilled water was applied to each pot
every day. The SA (1.0 mM) mixed with tween-20 (a surfactant) was sprayed in the evening of the
same day with a manual sprayer (10 mL/plant). Treatments were continued during 1 month after
sowing to assess various morphological, physiological and biochemical parameters. After 30 days Ni
treatment, all plants were harvested and the shoot length (SL), root length (RL), shoot fresh weight
(SFW), root fresh weight (RFW), shoot dry weight (SDW), root dry weight (RDW), total dry weight
(TDW), chlorophyll a, chlorophyll b, total chlorophyll, carotenoid contents, hydrogen peroxide (H,0,),
lipid peroxidation and electrolyte leakage were measured.

Determination of pigment contents

The chlorophyll a, chlorophyll b, total chlorophyll and carotenoid contents were measured accord-
ing to the Lichtenthaler (1987) method. Fresh leaves (0.03 g) were homogenized with 10 mL 80%
chilled acetone. Extract was centrifuged at 2000 x g for 10 min. Absorbance of supernatant was
estimated spectrophotometrically at 663, 645 and 480 nm using spectrophotometer (Shimadzu UV-
Vis 1201). The contents of pigments were expressed in terms of mg g~' FW of tissue.

Determination of proline content

Proline content in the samples was determined according to the method described by Bates et al.
(1973). The leaf and root tissues (0.25 g) were extracted with 10 mL 3% sulphosalicylic acid. For
each sample, 2 mL extracts were held for 1 h in boiling water by adding 2 mL ninhydrin and 2 mL
glacial acetic acid, after which 4 mL cold toluene was added. The absorbance of supernatant was
read at 520 nm and content calculated against standard proline.
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Determination of H,O, content

The H,0, levels were determined according to Singh et al. (2007). Fresh leaf and root tissues (0.5 g)
were homogenized with 5 mL of 0.1% (w/v) trichloroacetic acid (TCA) using precooled pestle and
mortar. The extract was centrifuged at 12,000 x g for 15 min at 4°C. Subsequently, 0.5 mL of the
supernatant was added to 0.5 mL of potassium phosphate buffer (10 mM, pH 7.0) containing 1 mL
of 1M potassium iodide (KI) solution. The absorbance of each supernatant was measured at
390 nm, and the content of H,0, was calculated using molar extinction coefficient 0.28 uM™" cm™.

Determination of lipid peroxidation

Lipid peroxidation was determined by measuring malondialdehyde (MDA) formation according
to Heath and Packer (1968). Fresh leaf and root samples (0.9 g) were homogenized in 5 mL of
TCA (0.1% w/v). The extracts were centrifuged at 13,000 x g for 10 min at 4°C and then 1 mL of
the supernatant fractions was mixed with 4 mL of 0.5% thiobarbituric acid in 20% TCA. The
mixture was heated at 95°C for 30 min and cooled in an ice bath for 10 min. Samples were
centrifuged at 10,000 x g for 10 min at 15°C. The absorbance of the supernatant was measured
at 532 nm and the non-specific absorbance at 600 nm was subtracted. Results were expressed
as MDA equivalents in uM g~' FW and calculated using the extinction coefficient of
155 mM™' cm™.

Determination of electrolyte leakage

Electrolyte leakage was used to assess membrane permeability as described by Dionisio-Sese and
Tobita (1998) method. Twenty leaf discs (2-3 mm?) were prepared from young leaves using a
puncher device, placed in a closed vial containing 10 mL double-distilled H,O and used to measure
the electrical conductivity of the solution (ECy). Subsequently, samples were heated at 50°C and 60°C
for 25 min in a water bath and then electrical conductivity of the solutions was measured (EC,) using
an electrical conductivity meter (WTW inoLab 720 conductivity meter, Germany). Finally, the vials
were heated at 100°C for 10 min and allowed to cool at room temperature, and the electrical
conductivity (EC,) was then determined. The electrolyte leakage was calculated as follows: electrolyte
leakage (%) = (EC; — ECo)/(EC; — ECp) x 100.

Determination of Ni accumulation and of translocation factor

Dried shoots and roots tissues (0.5 g) were placed into a crucible in an electrical furnace at 500°C
for 4 h to get a white ash. The white ash sample was dissolved in 2.5 mL 20% HCI and then distilled
water was added to make volume of the solution to 10 mL. The total concentration of Ni in samples
was determined by inductively coupled plasma emission spectroscopy (Varian Vista-PRO simulta-
neous CCD ICP-OES, Australia). Translocation factor (TF) or mobilization ratio of Ni from roots to
shoots was calculated according to the equation (Ni shoot content/Ni root content) proposed by
Stoltz and Greger (2002).

Statistical analysis

At first, the raw data were tested for normality distribution by using the SPSS software version 22
(IBM SPSS Advanced Statistics 22, IBM Corp., Armonk, NY, USA) and then the main data analysed for
measured traits using analysis of variance and Duncan’s multiple-range test (P < 0.01). The
GraphPad Prism software version 6 (San Diego, CA, USA) was used for drawing the graphs. The
values are means of three replications.
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Results
Effects of Ni and SA levels on growth traits

The results showed that Ni levels and SA significantly affected morphological traits (P < 0.01)
(Table S1). The interaction of Ni x SA was not significant in terms of the growth traits except
for RFW and RDW (Table S1). All the studied growth traits varied with Ni levels and SA. Really,
a negative, significant trend, independently by the presence of SA, is observable for SDW and
SFW, but not for roots. Also, data on shoot and root fresh and dry weights of the treated
plants indicated that growth rates were negatively correlated to the substrate concentration
of Ni (P < 0.01). The highest decreases in the FW and DW of roots (34.4% and 41.5%) and
shoots (27.5% and 36.5%) were recorded in the plants treated with 250 and 500 uM Ni,
respectively, as compared to control (Figure 1(a,b)). Plants grown at the low levels of Ni
reached relatively higher total DWs and did not imply toxicity symptoms. However, their total
DWs were significantly reduced at higher levels of Ni (500 pM) and they indicated the
symptoms of Ni toxicity as growth depression (Figure 1(c)). For SL and RL, the results were
similar to those obtained for DW and FW. No significant changes was detected for SL and RL
of the treated plants with lower concentrations (25 and 50 uM) of Ni, when compared to
plants grown under control conditions and the highest decrease for these growth indices was
observed only at 500 uM of Ni (Figure 1(d)). The SDW/RDW ratio as the other important
characteristic trait determining growth was measured in the stressed plants. It was revealed
that excluding the 500 puM, in other treatments an increase in shoot/root ratio was observed
in parallel with the enhancement of Ni concentration (Figure 1(e)). Exposure of plants to
excess Ni (500 uM) was accompanied by decreases in the shoot/root ratios; however, the
observed differences were not statistically significant, compared with the control group.
Conversely, exogenously SA applications (1.0 mM) led to a substantial improvement in the
SFW and RFWs, as well as the SDW and RDW (Figure 2(a,b)).

Effect of Ni and SA levels on chlorophyll and carotenoid contents

The analysis of variance revealed that only chlorophyll a and carotenoid contents of the treated
plants were significantly (P < 0.01) affected by Ni concentration (Table S2). The results indicated
that there were no significant differences among SA levels on photosynthetic pigment con-
tents, including chlorophyll a, chlorophyll b, total chlorophyll and carotenoid contents. The
interaction of Ni x SA was not significant in terms of chlorophyll contents, while carotenoid
contents of the Ni-stressed plants were significantly affected by SA (Table S2). Although, only a
significant decrease was established in the chlorophyll a and carotenoid contents of the plants
exposed to 500 pM Ni in comparison with the control plants (Figure 3(a,b)). The highest
chlorophyll a and carotenoid contents were observed at 100 and 250 pM Ni, respectively,
while treatment of plants with Ni at 500 uM resulted in a slight decrease in the chlorophyll a
(15.2%) and carotenoid (15.7%) contents, in comparison with the control. The exogenous
application of SA (1.0 mM) at the highest concentration of Ni (500 uM) significantly decreased
carotenoid content (Figure 3(b)). Additionally, treatment of plants with different concentrations
of Ni alone and/or in combination with SA did not significantly affect the chlorophyll a/b ratio
of the leaves.

Effect of Ni and SA levels on proline contents

The results showed that Ni levels significantly affected proline content (P < 0.01), while there were no
considerable changes in proline content of the treated plants after application of SA (Table S2).
Variations in the proline content were highly significant due to changes in the Ni levels (P < 0.01). The
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Figure 1. The interaction effect of SA and Ni on shoot and root fresh weights (a), shoot and root dry weights (b), total dry
weight (c), shoot length (SL) and root length (RL) (d) and SDW-RDW ratio (e) in M. officinalis. Mean values + SEM are from three
independent replicates.
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Figure 3. The interaction effect of SA and Ni on chlorophyll a (a) and carotenoid content (b) in M. officinalis. Mean values +
SEM are from three independent replicates.

interaction of Ni x SA was not significant in terms of proline contents (Table S2). In both leaves and
roots of M. officinalis plants after exposure to Ni, decrease of free proline was observed, but in the case
of leaves decrease in the content of this amino acid was greater than in roots. The highest reduction in
proline content of roots (50.72%) and leaves (56.44%) of treated plants was obtained at 250 uM Ni as
compared to control (Figure 4). The exogenous application of SA decreased accumulation of proline in
the leaves, while it caused an increase in the content of proline in the roots of treated plants.

Effect of Ni and SA levels on H,0,, lipid peroxidation contents and electrolyte leakage

The results revealed that Ni stress enhanced the production of H,0, in M. officinalis plants and H,0,
level was markedly higher in the roots as compared to the leaves (Figure 5(a)). The highest amounts
of H,0, were accumulated in the leaves (1.15 uM g~' FW) and roots (1.67 uM g~' FW) of plants
treated with 100 and 500 uM Ni, respectively. Lipid peroxidation was appraised in terms of MDA
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Figure 4. Effect of different concentrations of Ni levels on proline contents in M. officinalis. Mean values + SEM are from three
independent replicates, and values superscripted by different letters are significantly different by Duncan’s multiple-range test
(P < 0.01).

content. The results showed that Ni and SA levels significantly affected the MDA content and the
electrolyte leakage of the leaf samples at P < 0.01 (Table S2). Relative to the roots, leaves of Ni-treated
plants exhibited a higher rate of lipid peroxidation (Figure 5(b)). The lowest accumulation of H,0,,
MDA and electrolyte leakage was observed in the leaves of plants exposed to 75 uM Ni as compared
to control (Figure 5(a-c)).

Exogenous application of SA to the Ni-stressed plants reduced H,0, production in the leaves,
while it had no significant effects on H,0, content of the roots (Figure 5(a)). The application of SA
under Ni stress induced the accumulation of H,O, in the leaves, so the greatest increase was
observed at 100 pM concentration of Ni. Under Ni stress, the exogenous application of SA
decreased significantly the MDA contents of leaves and roots; this effect was more pronounced
at high Ni concentrations (>75 uM) (Figure 5(b)). Treatment of plants with Ni increased in electro-
lyte leakage in the leaves. Conversely, application of SA reduced electrolyte leakage in the Ni-
stressed plants; however, this effect was not significant when compared to Ni-exposed groups
alone (Figure 5(c)).

Effect of Ni and SA levels on Ni accumulation and TF

Nickel accumulation in the leaves and roots of plants and TF factor were significantly (P < 0.01)
influenced by the concentration of Ni in the growth media (Table S2). In Ni-treated plants, the
amount of Ni accumulation in the roots relatively was higher than in the leaves. The highest
content of Ni in the leaves (411.83 pg g~' DWs) and roots (358.53 ug g~' DWs) of treated plants
were found at 500 uM Ni (Figure 6(a)). The results showed that application of SA significantly
affected the Ni accumulation in the leaves, while application of SA had no significant effect on Ni
accumulation in the roots. Exogenous application of SA greatly decreased Ni content in the leaves
and increased Ni accumulation in the roots under excess Ni concentrations as compared to Ni
treatment alone (Figure 6(a)). The TF/mobilization ratio of Ni from root to shoot has been
estimated. The highest (1.09) and lowest (0.35) amount of TF in the treated plants were found at
control and 75 pM Ni, respectively. The interaction of Ni x SA was significant in terms of Ni
accumulation in the leaves and roots and Ni TF. Although Ni TF was increased with increasing of Ni
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concentration from 75 to 500 uM in the culture media, but the application of SA caused a decrease
in TF of the Ni-stressed plants compared to the control (Figure 6(b)).

Discussion

In higher plants, Ni toxicity like other heavy metals is generally associated with growth inhibition
and the decline in biomass production. Plant growth inhibition by Ni and other heavy metals is
mainly due to metabolic disorders and instant inhibition of both cell elongation and cell division
(Seregin & Kozhevnikova 2006; Liu et al. 2009; Siddiqui et al. 2009; Yusuf et al. 2011). Ni is an
essential element for normal growth and development of all plants and serves as a cofactor for
many physiological processes, but is toxic at higher levels (Seregin & Kozhevnikova 2006; Yusuf
et al. 2011). Also, the beneficial effects of foliar applications of Ni on herbage, chemical composition
and essential oil yield of some medicinal and aromatic plants have been showed (Teixeira da Silva
et al. 2012). The present study indicated that Ni stress reduced the growth indices of M. officinalis.
Since roots are the primary target of metal anions, their growth is usually more severely affected
than that of the aerial parts of the plant. Therefore, in excluder species which accumulate Ni, root
tests are widely used for evaluating the toxicity of various toxicants including heavy metals (Yusuf
et al. 2011). Our results matched up well with the findings of Gajewska and Sktodowska (2008), and
Duman and Ozturk (2010), who showed that heavy metal toxicity inhibited the growth of
M. officinalis. The results showed that SA application alone increased the growth, FW and DW of
the shoots and roots. In agreement with the reports of Kovacik, Gruz, et al. (2009) in Matricaria
chamomilla plants, and Wang et al. (2009) in Zea mays, the findings of this study indicated that a
substantial improvement in root FW and DW was noticed due to exogenously applied SA under
500 uM concentrations of Ni. Also, consistent with the results of Kovacik, Klejdus, et al. (2009) on M.
chamonmilla, the present study revealed that non-significant changes were observed in the chlor-
ophylls and carotenoid contents of M. officinalis-treated plants with different concentrations of Ni,
except at 500 uM, as compared to the control. Decrease in the chlorophyll content associated with
heavy metals could be mostly due to their effects on chlorophyll synthesizing and degrading
enzymes, replacement of Mg ion from chlorophylls and interfering with the uptake of some
essential elements for photosynthetic apparatus (Sharma & Dubey 2005; Yusuf et al. 2012).
Carotenoids as antioxidant molecules play a key role in protecting chlorophyll pigments under
stress conditions (Kenneth et al. 2000). So, in this study increase in the carotenoid contents in
plants under stress with increasing of the Ni concentration in the culture medium was expected for
protecting the chlorophyll molecules and photosynthetic apparatus.

It has been reported in many studies that exogenous application of SA could mitigate toxicity
effect of heavy metals on photosynthetic pigment contents and net photosynthetic rate (Krantev
et al. 2008; Popova et al. 2009; Wang et al. 2009; Kazemi et al. 2010; Guo et al. 2013; Saidi et al.
2013). The evidence suggests that the beneficial effects of SA on photosynthetic apparatus might
be due to its direct effects as a potent antioxidant to scavenge heavy metal-induced ROS (Popova
et al. 2009; Ahmad et al. 2011). However, some studies have shown that SA might indirectly
improve resistance of plants to heavy metal stress through upregulating the capacity of antioxidant
defence system (enzymatic or non-enzymatic antioxidants) in chloroplasts (Krantev et al. 2008; Shi
& Zhu 2008; Popova et al. 2009; Wang et al. 2009; Yusuf et al. 2012; Guo et al. 2013; Idrees et al.
2013; Saidi et al. 2013). It has also been shown that exposure to SA could reduce the inhibitory
effects of heavy metals on the absorption and transport of nutrients which are essential for
chlorophylls and carotenoid biosynthesis in the chloroplasts (Saidi et al. 2013). Based on our
findings, the interaction effects of different concentrations of SA and Ni were not statistically
significant on chlorophylls (Chl a, Chl b, Chl a + b, chlorophyll a/b ratio) and carotenoid contents;
however, a significant decrease was only observed in the carotenoid content of the treated plants
with 500 uM Ni after exposure to 1.0 mM SA. As it has been mentioned in many reports, the
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stimulatory or inhibitory effect of SA on the concentrations of photosynthetic pigments might be
dependent on the species (Arfan et al. 2007).

MDA is a product of lipid peroxidation when plants suffer an oxidative stress, being used as an
indicator of the degree of oxidative stress (Lin & Kao 2000). In accordance with the results recorded
for Ni-treated chamomile plants (Kovacik, Klejdus, et al. 2009), in wheat leaves (Gajewska &
Sktodowska 2007) and Halogeton glomeratus under Ni- and Cu-polluted sites (Lu et al. 2010b),
our results showed that MDA content in the root tissues of Ni-treated M. officinalis plants remained
substantially unchanged after treatment with different levels of Ni, although the content of H,0,
was elevated in the roots with increasing of the Ni concentration in the medium. There was a
positive correlation between H,0, levels and inhibition of root growth in treated plants. In this
context, inhibition of M. officinalis root growth under Ni stress was related to H,0O, production but
not to lipid peroxidation. In comparison to the leaves, MDA contents in the roots of M. officinalis
plants under Ni stress were may be not due to increased antioxidative enzyme activities, which
reduced H,0, levels and membrane damage (Zhang et al. 2007). Our results indicated that M.
officinalis plants could protect themselves from the oxidative damages through rapid modulation
of antioxidative systems. Interaction of SA with Ni decreased MDA accumulation, indicating its
involvement in protection of treated plants against oxidative damage. These results are in agree-
ment with those reported by Krantev et al. (2008), Kazemi et al. (2010) and Ahmad et al. (2011). In
this study, the content of proline in the leaves and roots decreased markedly in response to Ni
application, which is in agreement with other reports on the effect of Cu in Nicotiana benthamiana
leaf discs (Ku et al. 2012) and in aquatic plant Spirodela polyrrhiza (L.) Schleid by excess iron and
copper (Xing et al. 2010). The decline of proline content may be due to the inhibition of the
expression of pyrroline-5-carboxylate synthetase and ornithine aminotransferase by excess Ni ions.
Therefore, the extreme sensitivity of the synthesis and degradation pathways of proline is impor-
tant for the regulation of its metabolic processes which may be adversely affected by stress (Borah
& Devi 2012). Recent proteomic, genomic and metabolomic studies have revealed that proline can
be accumulated in plant tissues under stressful conditions and act as an antioxidant, an activator of
ROS detoxification pathways, a free radical scavenger, and a cell redox balancer and a stabilizer of
membranes. Also due to the chelating ability, it has been suggested that proline might protect
plants against heavy metal toxicity (Hossain et al. 2014). It has been also demonstrated that proline
accumulation did not occur until the damage had been caused by metal toxicity (Alia & Matysik
2001; Singh & Sinha 2005; Sinha & Saxena 2006). However, many researchers believe that the
proline accumulation is only an indicator for heavy metal-induced damages and is not involved in
protection against metal-induced oxidative damages (Schat et al. 1997; Akbulut & Cakir 2010). In
this study, decrease in proline accumulation in the treated plants with increase in the concentra-
tion of Ni in the culture media might be due to the involvement of other antioxidative
mechanisms.

TF or shoot/root metal concentration ratio is one of the most important approaches to
express metal accumulation and metallophyte classification of medicinal plants. Based on the
ratio between shoot:root metal concentration, plants can be classified into two groups of
metal excluders and metal non-excluders (indicators, hyperaccumulators). Generally, TF values
for accumulators or hyperaccumulators are >1 (Masarovicova et al. 2010). Our results indi-
cated that Ni accumulation in the leaves and roots was dependent on the Ni concentration in
the media cultures, and Ni contents in the roots were higher than those of shoots. Moreover,
with application of SA, even at high doses of Ni, there was very little transport to the leaves,
which are the parts, consumed by humans. Furthermore, TF values in the treated plants at
different concentrations of Ni alone or with application of SA were below 1, indicating that
M. officinalis did not have significant phytoremediation potential. Low TF values showed high
phytostabilization potential of Ni in roots. In spite of high content of Ni in M. officinalis plants
(over 400 pg g~' DW at 500 uM Ni in culture medium), only a small extent of damage
occurred in plants exposed to Ni. Similar results have been obtained by Zheljazkov et al.
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(2008) for M. officinalis in contaminated soils with Cd, Zn and Pb. It may be therefore
concluded that these medicinal plant species actually show remarkable tolerance to some
heavy metals including Ni and can be grown as an alternative high-value crop in metal-
polluted agricultural soils.

Tolerance to toxic levels of heavy metals in plants can be attributed to the development of
various exclusion processes in them that restrict metal movement to the roots or improvement of
their protective metabolic mechanisms against those metals. Ni-tolerant plant species accumulate
high contents of Ni in their roots by two main mechanisms of sequestration and/or translocation
(Singh et al. 2010). Consistent with the results of Kovacik, Klejdus, et al. (2009) on M. chamomilla
and Lu et al. (2010a) on Zygophyllum xanthoxylon, preferential Ni accumulation in the roots and leaf
Ni content lower than 1000 pg g~' DW supports classification of M. officinalis as an Ni excluder not
as a hyperaccumulator plant. Based on our findings, cultivation of this medicinal plant under
natural condition for pharmaceutical uses should be extremely ensured.

Conclusion

In conclusion, the results of the present study revealed that Ni at different concentrations was not
toxic to M. officinalis and exogenous SA exerted significant beneficial effects, while SA-treated
plants accumulated considerably higher levels of Ni in the roots as compared to those in the leaves.
SA also could alleviate the oxidative damages caused by Ni through modulating antioxidant
defence system, which might have the effective strategies for protection against Ni stress. Since
no discernible phytotoxic symptoms such as chlorosis or necrosis lesions were observed at high
concentrations of Ni, M. officinalis appears to be a tolerant medicinal plant species. Lipid peroxida-
tion was also not affected by Ni stress even at high concentrations of this metal. Overall, roots were
more responsive to Ni stress mainly based on growth parameters. Taken together, preferential Ni
accumulation in the roots, and leaf Ni content substantially lower than 1000 ug g~' DW, supports
classify of M. officinalis as an Ni excluder and not as a hyperaccumulator plant to Ni stress.
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