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Abstract

The present study aimed to investigate the effects of zinc exposure (0, 1, 5, 15, 30 mg/L zinc) on the biochemical
and physiological parameters of Peganum harmala seedlings. Two populations (metallicolous and non-
metallicolous) were compared in Zn tolerance, Zn accumulation, photosynthetic pigments, and enzymatic
antioxidant activities. Plants were treated with Zn at concentrations of 0, 1, 5, 15, and 30 mg/L for 14 days. The
study results showed that the increase of Zn concentration in the nutrient solution reduced shoot length, root
length, root dry weight, shoot dry weight, chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid in
both populations; however, the accumulation was more pronounced in metallicolous populations (M) than in
non-metallicolous (NM) ones. In response, the activities of antioxidant enzymes such as guaiacol peroxidase,
lipoxygenase, superoxide dismutase, catalase, and ascorbate peroxidase were enhanced Zn exposure in both
populations. Moreover, it was found that the metallicolous population of P harmala had a greater capacity
to adapt to oxidative stress caused by Zn than the non-metallicolous population, and antioxidative defense
in the metallicolous population of P harmala might have played an essential role in Zn tolerance. Therefore,
P harmala seemed to be a suitable candidate for accumulation; however, it was recommended that further
investigations be carried out to explore its metal remediation ability. It is concluded that P harmala can be a
potential candidate for bioremediation of Zn contaminated soils.
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1. Introduction
The source of heavy metal contamination is mining
and smelting processes, agricultural activities such as
pesticides, and urban activities such as heavy metals
in fuels, paints, and other materials (1). Mean soil Zn
concentrations of 50 and 66 total Zn pg/g soil are typical
for mineral and organic soils, respectively, with most
agricultural soils containing 10-300 Zn pg/g. Large
parts of agricultural soils are contaminated with zinc
by biological and anthropological activities, including
mining and industrial processes and agricultural practices,
such as using Zn fertilizers containing heavy metals
(2,3). The excessive amounts of Zn in the soil may cause
severe toxicity in plants through inhibiting germination
of seeds (4), delayed plant growth (5) and slow root
growth (6), induction of foliar chlorosis (7), alteration of
mitotic activity (8), changes in membrane integrity and
permeability (9) and interference in absorption, transport,
and osmotic adjustment of essential ions (10). Zinc
accumulates in different parts of the plant and reduces
plant growth. Numerous corrective measures must be
taken to combat environmental poisoning.

Few plant species, called metallophytes, can survive

and reproduce in toxic soils. Zinc hypertolerance is
usually limited to the toxic concentrations of metals in
the natural environment (11-13). Zinc plays a significant
role in regulating the redox balance in the membrane
by enhancing the activity of antioxidant enzymes and
minimizing the harmful effects of reactive oxygen species
(ROS) produced by oxidative stress (14).

Peganum harmala is a perennial glabrous herb that
grows in North Africa, the Middle East, and Central Asia
(15). P harmala has been shown to have the ability to
accumulate zinc in its shoots and roots in mineral areas
(16). Though P. harmala L. is a non-hyperaccumulator
species, it has many advantages over hyperaccumulators.
Besides, P. harmala has been reported to grow well in the
Pb/Zn mining areas, indicating high endurance against the
stress of Zn based on its potential for phytoremediation.
Currently, there are no reports about the effect of Zn on the
biochemical and physiological parameters of P. harmala.
Therefore, the present study tried to investigate the effect
of Zn on P. harmala seedlings at different concentrations.
The populations were compared in Zn tolerance, Zn
accumulation, photosynthetic pigments, and enzymatic
antioxidant activities.
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2. Materials and Methods
2.1. Plant Materials and Zn Treatments
Peganum Harmala seeds were collected from more than
40 plants at the mining site of Koshk (metallicolous) and
non-contaminated areas of Kerman (non-metallicolous),
both in Iran. The amounts of soil metal and pH at these
sites are given by Mahdavian et al (17).

For seed sowing, 9 cm diameter plastic pots containing
a mixture of fine and coarse perlite were prepared. Six
P harmala seeds were planted in each pot, and three
replications for each concentration were used. After five
days of distilled water, the seedlings were irrigated with
0.5 Hoagland nutrient solution for 40 days (18). After
45 days, the plants were exposed to Zn (concentrations
of 0, 1, 5, 15, 30 ppm ZnSo,) for two weeks. The pH of
the nutrient solution and the nutrient solution containing
Zn was adjusted to values ranging from 0.5 to 6.5. The
nutrient solutions were replaced with fresh solutions every
week, and the plants were grown in a culture chamber
with alternating night/day temperatures of 25/20°C with
16 hours of light.

2.2. Biomass and Zn Concentration Measurement

In order to determine and measure the amount of
accumulated metal in the roots and aerial parts of the
plant, 0.05-0.1 g of the plants were dried, crushed, and
placed in glass tubes. Then, 4 mL of hydrochloric acid
(37%), 4 mL of nitric acid (65%), 1.5 mL of perchloric
acid, and 1.5 mL of hydrogen peroxide were added to each
sample. Afterward, samples were placed in the sand bath
at 150-200°C for 2 hours. Zinc was measured using a flame
atomic absorption spectrophotometer, as described in a
study by Reeves et al (19).

2.3. Chlorophyll and Carotenoids

Fresh leaf tissues were ground with a mortar and pestle
under liquid N.. Eighty percent (v/v) acetone was added
to extract pigments, and after centrifugation of the
supernatant for 10 minutes at 10000 rpm, optical density
(OD) was measured at 470, 646.8, and 663.2 nm by
using UV-Vis spectrophotometer. Extinction coefficients
and equations reported by Lichtenthaler were used to
calculate the amounts of chlorophyll a, chlorophyll b, and
carotenoids (20).

2.4. Enzyme Extraction and Assays

Briefly, 0.1 g of leaf sample was homogenized in 6 mL of
50 mM potassium phosphate buffer (pH 7.8) containing
0.2 mM EDTA and 2% (w/v) polyvinylpyrrolidone (PVP)
in an ice bath. The homogenate was centrifuged for 20
minutes at 12000 rpm at 4°C, and the supernatant was
used to measure enzyme activities.

Superoxide dismutase activity was determined based
on the method described by Giannopolitis and Ries
(21). Lipoxygenase activity was measured according to
the method proposed by Doderer et al (22). Guaiacol
peroxidase activity was measured by Plewa et al (23).
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Catalase activity was measured according to the method
used by Aebi (24), and ascorbate peroxidase activity
was measured according to Nakano and Asada (25) and
Boominathan and Doran (26).

2.5. Statistical Analysis

The data were analyzed by two-way ANOVA, with Zn
exposure concentration and population as fixed factors.
The means were compared using the Tukey’s test. P<0.05
was considered statistically significant.

3. Results and Discussion

Decreases in the dry weights of roots and shoots were
observed as a result of different Zn concentrations,
according to Fig. 1. The lowest dry weights of roots and
shoots treated with 30 mg/L of Zn in non-metallicolous
populations were 35% and 37%, respectively. There was
no significant difference between the two populations
at different concentrations. Furthermore, the analysis
of variance showed that Zn concentration x population
interaction was insignificant for the shoot and root
dry weight. Fig. 2 shows that Zn treatment significantly
reduced shoot and root length compared to the control
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Fig. 1. Effect of Zn on the Dry Weight of Shoots and Roots in Two Populations
of P harmala (M: metallicolous population; NM: non-metallicolous
population) after Exposure to Increasing Zn Concentrations (mg/L) for 2
Weeks.
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Fig. 2. Effect of Zn on the Length of Shoots and Roots in Two
Populations of P harmala (M: metallicolous population; NM: non-
metallicolous population) after to Increasing Zn Concentrations
(mg/L) for 2 Weeks.

plans in both populations. In terms of shoot length, there
was a significant difference at different concentrations in
each population, so the lowest shoot length was observed
at 30 mg/L concentration in both populations compared
to control plants. Furthermore, the analysis of variance
showed that the Zn concentration x population interaction
was insignificant for the shoot and root length.

The concentration of Zn in the shoots and roots
significantly increased compared to control plants in both
populations at all treatment concentrations. The highest Zn
concentration in shoots was observed at 30 mg/L in both
populations (Figs. 3a and b). Furthermore, the analysis of
variance showed that the Zn concentration x population
interaction was insignificant on the accumulation of Zn in
shoots and roots.

Despite the structural role of Zn in some enzymes
and metabolic processes, the excess accumulation of
this metal in the soil causes poisoning and lack of plant
growth (8,27). Growth inhibition is one of the responses
of plants to metal toxicity (28,29). Disturbance in cell
division and, consequently, prolonging plant growth can
justify biomass reduction in the presence of these metals
(28,30). This study showed that the longitudinal growth
of the root of P. harmala decreased at high concentrations
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Fig. 3. Concentration (mg/kg DW) of Zn in Shoots and Roots in Two
Populations of P harmala (M: metallicolous population; NM: non-
metallicolous population) After Exposure to Increasing Zn Concentrations
(mg/L) for 2 Weeks.

of Zn in comparison with the control plants. It was
reported that Zn exposure caused a significant reduction
in the growth of Cajanus cajan roots, which is consistent
with this study (8). Studies have shown that excessive Zn
decreases root growth by decreasing the number of cells
in the meristem areas (31). However, reduced root growth
due to zinc toxicity impairs the uptake and transport of
essential nutrients in the plant (8,31). It has been reported
that the excess accumulation of Zn in the roots and
aerial parts of the plant interfered with the translocation
of iron. This decrease in the iron content of the organs
is associated with metabolic changes and reduced plant
growth in Zn-contaminated areas (32,33). Furthermore,
in some reports, inhibition of plant growth due to Zn
toxicity may be due to the competition of this metal with
the absorption and transfer of phosphorus in the plant.
As shown in this study, Zn inhibited the growth of the
shoots and roots and reduced biomass in the P. harmala.
Another reason for reduced growth and biomass due to
zinc toxicity is a change in the metabolic status of the plant
(8). In this study, the dry weight of shoots and roots in
both populations decreased with increasing Zn content.
Although both populations showed very similar degrees of
growth inhibition at all of Zn exposure levels tested, there
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was no significant difference between the two populations
at different concentrations. Festuca ovina and Matthiola
flavida are facultative metallophytes from Iran which seem
capable of the considerable foliar Zn accumulation in
nature (18,34). Liu et al (35) reported that the dry weight
of Phyllostachys pubescens decreased by Zn treatment.

Most soil samples of Koshk mine have neutral to
alkaline pH, which can be the reason for the insignificance
of Zn tolerance in the local P. harmala population (16).
However, both populations displayed growth inhibition
due to Zn exposure; Zn concentration was higher in the
shoots and roots in the metallicolous population than in
the non-metallicolous one. Result clearly shows that the
metallicolous population is more tolerant of Zn toxicity
than the non-metallicolous one.

Changes in chlorophyll-a concentration were also
observed at different Zn concentrations, according to
Fig. 4a. The lowest leaf chlorophyll, a content at 30 mg/L
in metallicolous and non-metallicolous populations, was
32.2% and 29.5%, respectively. There was no significant
difference between the two populations at different
concentrations. Moreover, the results of ANOVA showed
that interaction between population and treatment had no
significant effect on chlorophyll-a concentration.

Based on Fig. 4b, chlorophyll b levels showed a significant
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Fig. 4. Effect of Zn on the Leaf Concentration of Chlorophyll a (a) and
Chlorophyll b (b) in Two Populations of P harmala (M: metallicolous
population; NM: non-metallicolous population) after Exposure to Increasing
Zn Concentrations (mg/L) for 2 Weeks.
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decrease at different treatment concentrations compared
to control plants in both populations. The highest amount
of chlorophyll b in control plants and the lowest amount
of chlorophyll b at 30 mg/L in metallicolous and non-
metallicolous were 36.4 and 30.3%, respectively. The
results of ANOVA showed that the interaction between
population and treatment had a significant effect on
chlorophyll concentration (P<0.01).

According to Fig. 5, it is known that Zn treatment
at all concentrations significantly reduced carotenoid
concentration in both populations of P. harmala compared
to the control plants. There is no significant difference
between the two populations. Besides, the results of
ANOVA showed that interaction between population and
treatment had no significant effect on carotenoid content.

The effects of Zn on the content of chlorophyll and
carotenoids are different depending on the plant species
and the concentration of the metal used. By protecting the
sulfhydryl group (-SH), Zn causes chlorophyll synthesis.
The precursor to chlorophyll synthesis is porphobilinogen,
which is required to form Zn and magnesium (36). Finally,
the formation and completion of chlorophyll are facilitated
(37,38).

Sagardoy et al (39) observed a decrease in the
concentration of photosynthetic pigments in sugar beet
plants in response to Zn. A decrease in chlorophyll content
has also been reported in tomatoes under Zn stress (10).
These reports are consistent with the results of this study.

According to Fig. 6, it is determined that treatment at
all concentrations significantly increased catalase activity
compared to control plants in both populations. There was
also a significant difference between the two populations
according to the analysis; the highest activity of catalase
at a concentration of 30 mg/L was observed in the metal
population compared to other concentrations with an
increase of 245.3% compared to control plants. Analysis of
variance showed that the interaction between population
and Zn treatment on catalase activity was significant
(P<0.01).

Fig. 7 showed that Zn treatment at all concentrations
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Figure 5. Effect of Zn on the Leaf Concentration of Carotenoid in Two
Populations of P harmala (M: metallicolous population; NM: non-
metallicolous population) after Exposure to Increasing Zn Concentrations
(mg/L) for 2 Weeks.
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Fig. 7. Changes in GPX Activities in the Leaves of Two Populations of P,
harmala (M: metallicolous population; NM: non-metallicolous population)
after Exposure to Increasing Zn Concentrations (mg/L) for 2 Weeks.

significantly increased guaiacol peroxidase (GPX) activity
compared to control plants in both populations. There was
also a significant difference between the two populations
at concentrations of 15 and 30 mg/L. The metal population
had the maximum activity of guaiacol at a concentration
of 15 mg/L compared to other concentrations, with a
257.1% increase over the control group. The interaction
between population and Zn treatment on GPX activity was
significant (P <0.01), according to the analysis of variance.

According to Fig. 8, Zn treatment at all concentrations
significantly increased ascorbate peroxidase activity
compared to control plants in both populations. There
was also a significant difference between the two
populations at concentrations of 15 and 30 mg/L. The
metal population had the maximum activity of ascorbate
peroxidase at a concentration of 30 mg/L compared to
other concentrations, with a 330.3% percent increase over
the control group. The interaction between population
and Zn treatment on ascorbate peroxidase activity was
significant (P<0.01), according to the analysis of variance.

According to Fig. 9, an increase in Zn concentration
significantly increased lipoxygenase activity compared to
the controls in both populations. The highest lipoxygenase
activity was observed at 30 mg/L concentration of Zn in
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both populations. There was also no significant difference
between the two populations. Furthermore, the analysis of
variance showed that the Zn concentration x population
interaction was insignificant for lipoxygenase activity.

As shown in Fig. 10, there was a significant difference in
superoxide dismutase activity at different concentrations
of Zn in each population. There was a significant difference
between the two populations at the concentration of 30
mg/L. The metal population had the maximum activity
of superoxide dismutase at a concentration of 30 mg/L
compared to other concentrations, with a 86.4% percent
increase over the control group. The interaction between
population and Zn treatment on superoxide dismutase
activity was significant (P <0.01), according to the analysis
of variance.

Antioxidant enzymes form a protective enzyme
system against metal-induced oxidative stress (40,41).
The results of the present study showed a significant
increase in the activity of the antioxidant enzyme under
Zn stress compared to the control plants. Among the
defense mechanisms, antioxidant enzymes are the most
effective system for scavenging ROS (41,42). Superoxide
dismutase acts against superoxide radicals produced in
different cellular segments (43). In this study, Zn stress
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