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Abstract: Lead (PD) is one of the most important toxic heavy metals that reduce plant growth and development. Therefore,
finding compounds that can alleviate the toxic effects of Pb is necessary. Nitric oxide (NO) is a signaling molecule that
plays important roles in different physiological processes in plants, such as the response to biotic and abiotic stresses. A
pot experiment was conducted to study the effects of exogenously applied NO on Pb stress tolerance in cowpea. Seeds were
soaked at various concentrations of sodium nitroprusside (SNP; NO donor) (0, 0.5 and 1 mM) for 20 h, and then sown in
pots containing 0 or 200 mg kg Pb (NO,),. The obtained results showed that Pb stress significantly reduced the chloro-
phyll value, relative water content (RWC) and net photosynthetic rate, but increased lipid peroxidation, proline content
and superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR) activities.
Nonetheless, different levels of NO significantly lowered Pb toxicity by further increasing SOD, CAT, APX and GR activi-
ties as well as proline accumulation. NO pretreatment also raised the chlorophyll value, RWC and net photosynthetic rate
but reduced lipid peroxidation. Both NO levels (0.5 and 1 mM) were effective in Pb stress tolerance; however, 0.5 mM was
more effective. These results indicate that NO pretreatment plays an important role in protecting cowpea plants against Pb
toxicity by enhancing antioxidant enzyme activities and proline accumulation.

Key words: antioxidant enzymes; nitric oxide; Pb stress; photosynthesis; proline

Abbreviations: APX — ascorbate peroxidase; AsA — reduced ascorbate; CAT — catalase; DHAR — dehydroascorbate reduc-
tase; Duncan’s multiple range test - DMRT; GR — glutathione reductase; GSH — reduced glutathione; GSSG — oxidized
glutathione; MDA — malondialdehyde; MDHAR — monodehydroascorbate reductase; NO — nitric oxide; ROS — reactive
oxygen species; RWC — relative water content; SNP — sodium nitroprusside; SOD — superoxide dismutase

INTRODUCTION different plant parts (Sharma and Dubey, 2005). Lead
toxicity causes biochemical, physiological and morpho-
logical disorders, such as induced oxidative stress by
the formation of reactive oxygen species (ROS) (Wang
etal., 2013; Zhao et al., 2009; Singh et al., 2010), lipid
ical industries, petroleum refining, dyes, pigments, peroxidation and altered antioxidant enzyme activity
printing, fertilizers and pesticides (Nagajyoti et al., (Malar et al., 2014; Hassan and Mansoor, 2014; Verma
2010; Pourrut et al., 2011; Sharma and Dubey, 2005). and Dubey, 2003), reductions in protein, carbohy-

Lead (Pb) is one of the most important pollutants of
air, water and soil. The main sources of lead pollution
are mining operations, leaded gasoline, sewage sludge,
smelting, metal plating and finishing operations, chem-

Pb-contaminated agricultural soils cause significant re- drate, DNA and RNA content (Hamid et al., 2010), it
duction in crop growth and productivity. Although Pb decreases plant growth, net photosynthetic rate, sto-
is not an essential element and has no biological func- matal conductance, transpiration rate, the efficiency
tion for plants, it is easily taken up and accumulated in of water use, chlorophyll and carotenoids (Bharwana et
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al,, 2014), reduces nutrient uptake (Nareshkumar et al.,
2014), prevents seed germination and seedling growth
(Hassan and Mansoor, 2014), decreases plant height,
leaf area, dry weight and yield (Gautam et al., 2014),
reduces root dry weight, root length and the number
of lateral roots (Wang et al., 2013).

During the last years, different exogenous chem-
icals have been used for the improvement of plant
tolerance to abiotic stresses, such as heavy metals. Ni-
tric oxide (NO) is an important signaling molecule in
plants. This free radical regulates diverse plant pro-
cesses such as cell division, mitochondria functional-
ity, xylem differentiation, chlorophyll biosynthesis,
photosynthesis regulation, induction of seed germina-
tion and reduction of seed dormancy, root organogen-
esis and development, growth of pollen tube, stomatal
movement, flowering, nutritional status, plant-rhizo-
bacterium interaction, gravitropic bending, matura-
tion and senescence, cell-wall lignifications and pro-
grammed cell death (Planchet and Kaiser, 2006; Sid-
diqui et al., 2011; Misra et al., 2011). It has also been
suggested that NO protects plants against both biotic
and abiotic stress. Exogenous application of the NO
donor, sodium nitroprusside (SNP), enhanced plant
tolerance to drought (Shallan et al., 2012; Shehab et
al., 2010), increased salinity (Guo et al., 2009; Kausar
etal., 2013), heavy metals (Kumari et al., 2010; Wang
and Yang, 2005), osmotic stress (Tan et al., 2008), high
temperatures (Hasanuzzaman et al., 2012), chilling
(Liu et al., 2011), waterlogging (Fan et al., 2014) and
oxidative stress (Esim and Atici, 2013). Nonetheless,
the influence of exogenous NO on Pb stress tolerance
in plants is not yet fully understood. The present study
was carried out to assess the impact of exogenous NO
in reducing lead toxicity in cowpea.

MATERIALS AND METHODS

Plant material and experimental design

The pot experiment was carried out in summer 2014
in a research field of the Yadegar-e-Imam Khomeini
Branch, Islamic Azad University, Tehran, Iran. Cow-
pea (Vigna unguiculata cv. Kamran) seeds without vis-

Table 1. Soil characteristics of pots.

EC OC N P K Pb Texture
Osm’) P% (%) (%) (ppm) (ppm) (ppm)
1.6 7.1 32 031 20.2 475 1.4 Sandyloam

ible defect, insect damage or malformation were sur-
face sterilized using 5% sodium hypochlorite solution
for 5 min and then rinsed 3 times with sterile distilled
water. After sterilization, as a pre-sowing treatment,
seeds were soaked for 20 h in different concentrations
(0, 0.5 and 1 mM) of sodium nitroprusside (SNP) as
NO donor. Then the seeds were sown in plastic pots,
50 cm in diameter and depth, filled with 20 kg soil
containing an equal mixture of peat, decomposed
manure and farm soil. The soil characteristics are
presented in Table 1. Before sowing, the soil in the
pots was mixed with the appropriate amount of Pb
(NO,), to provide up to 200 mg kg"'. The sowing date
was 20 June 2014; the pots were then placed in farm
conditions. The pots were arranged in a completely
randomized design with three replicates. In each pot,
20 seeds were sown at a depth of 3 cm; at the leafy
stage after thinning; 6 seedlings remained. Irrigation
of the plants was carried out regularly using tap water.

Assay of chlorophyll, net photosynthetic rate and
relative water content (RWC)

At the flowering stage, certain physiological and
biochemical traits of cowpea were calculated as fol-
lows: total chlorophyll value of the 2 youngest fully
expanded leaves of 3 plants per pot was measured us-
ing a chlorophyll meter (Chlorophyll Content Meter,
CL-01, Hansatech Instruments Ltd. England). The
device readings were used as relative values for to-
tal chlorophyll content. Net photosynthetic rate was
measured on sunny days between 11:00 and 12:00 on
the 2 youngest fully expanded leaves using a portable
photosynthesis system (Handheld Photosynthesis Sys-
tem, CID Bio-Science CI-340, USA). To determine
the RWC, disks (1 cm in diameter) from the middle
portion of the 2 youngest fully expanded leaves of
plants per pot were collected, immediately weighed to
obtain the fresh weight (FW), then rehydrated in Petri
dishes containing distilled water for 24 h under dim
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light and room temperature to get the turgid weight
(TW) and subsequently oven dried at 70°C for 48 h to
record the dry weight (DW). RWC was calculated as:
RWC (%) = (FW - DW) / (TW - DW) x 100.

Malondialdehyde (MDA) assay

Lipid peroxidation was estimated in terms of MDA
content according to the method of Heath and Packer
(1968). Leaf samples (1 g) were homogenized in 10 ml
of trichloroacetic acid (TCA). The homogenate was
centrifuged at 15000 rpm for 5 min. Four ml (0.5%) of
thiobarbituric acid in 20% TCA was added to a 1-ml
aliquot of the supernatant. The mixture was heated
at 95°C for 30 min and then cooled rapidly in an ice
bath. After centrifugation at 10000 rpm for 10 min,
the absorbance was recorded at 532 nm. The value for
non-specific absorption at 600 nm was subtracted.
The MDA content was calculated using the absorption
coefficient of 155 mM™ cm™ and expressed as pmol
g fresh weight.

Antioxidant enzyme activity assay

Superoxide dismutase (SOD) activity was assayed by
monitoring the inhibition of photochemical reduc-
tion of nitroblue tetrazolium (NBT) according to the
methods of Beyer and Fridovich (1987). Five ml of re-
action mixture containing 5 mM hydroxyethyl pipera-
zine ethane sulfonic acid (HEPES) (pH 7.6), 0.1 mM
EDTA, 50 mM Na,CO, (pH 10.0) 13 mM methionine,
0.025% (v/v) Triton X-100, 63 umol (NBT) 1.3 umol
riboflavin and an enzyme extract were illuminated for
15 min (360 pmol m? s™) and a control set was not
illuminated to correct for background absorbance.
The unit of SOD activity was defined as the amount
of enzyme required to cause 50% inhibition of the
reaction of NBT at 560 nm. The enzyme activity was
expressed in units mg™' protein.

Catalase (CAT) activity was determined by moni-
toring the decomposition of H O, at 240 nm using the
procedure of Aebi (1984). The reaction mixture con-
tained 50 mM phosphate buffer (pH 7.0.), 0.1% (v/v)
Triton X-100, 10.5 mM H,O, and 0.05 ml leaf extract.

The reaction, carried out at 25°C for 3 min, was started
with the addition of H,O,. One pmol H,O, destroyed
per min is defined as one unit of CAT activity. The
enzyme activity was expressed as unit mg™' protein.

Ascorbate peroxidase (APX) activity was assayed
according to Nakano and Asada (1981) by the de-
crease in absorbance of ascorbate at 290 nm. The assay
mixture contained phosphate buffer (50 mM, pH 7.0),
0.1 mM EDTA, 0.5 mM ascorbate, 0.1 mM H,O, and
enzyme extract. APX activity was calculated using the
extinction coefficient 2.8 mM™ cm™. A unit of APX
activity is defined as the umol of ascorbate oxidized
per min at 25°C. The enzyme activity was expressed
as unit mg™' protein.

Glutathione reductase (GR) activity was deter-
mined based on the decrease in absorbance at 340
nm due to the oxidation of NADPH to NADP ac-
cording to the method of Foyer and Halliwell (1976),
with minor modifications. The reaction mixture (3
ml) consisted of 50 mM Tris-HCI (pH 7.6), 5 mM
MgClz, 0.5 mM GSSG, 0.2 mM NADPH and 0.1 ml
enzyme extract. The reaction was started by the ad-
dition of GSSG and the NADPH oxidation rate was
monitored at 340 nm for 3 min. Enzyme activity was
determined using the molar extinction coefficient for
NADPH (6.2 mM™" cm™). One unit of GR activity is
defined as the umol of GSSG oxidized per min. The
enzyme activity was expressed as unit mg™' protein.

Proline assay

For proline estimation, 0.5 g of dried powdered leaves
was homogenized in 10 ml of 3% aqueous sulfosali-
cylic acid and the homogenate filtered, following the
method of Bates et al. (1973). Two ml of acid ninhy-
drin (prepared by warming 1.2 g of ninhydrin in 30 ml
of glacial acetic acid) was added to 2 ml of filtrate in a
digestion tube and placed in a boiling water bath for
90 min. The reaction was terminated in an ice bath.
Four ml of toluene was added to the reaction mixture
and agitated vigorously for 30 min. The chromophore
containing toluene was aspirated from the aqueous
phase and the absorbance read at 520 nm. The proline
concentration was determined using a standard curve
and expressed as umol g dry weight.
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Statistical analysis

Collected data were analyzed by MSTAT-C statistical
software and the means were compared by Duncan’s
multiple range test (DMRT) at the 5% probability level.

RESULTS

Membrane injury and lipid peroxidation

The content of MDA is an indicator of lipid peroxida-
tion and oxidative damage to a membrane. Lead stress
adversely affected the cell membranes. Pb treatment
resulted in 200% increase in MDA content in com-
parison with the control. SNP treatments alleviate
the effects of Pb stress on membrane injury and lipid
peroxidation. 0.5 and 1 mM concentrations of SNP
lowered MDA content by 56 and 41% respectively
compared with the Pb treatment alone (Fig. 1).

Antioxidant enzyme activities

The application of SNP and Pb significantly influ-
enced the activities of antioxidant enzymes. Pb treat-
ment alone and in combination with SNP significantly
increased the activities of SOD, CAT, APX and GR
when compared to the control. The activities of SOD,
CAT, APX and GR were significantly higher than ob-
served after other treatments in combination SNP (0.5
mM) + Pb (Fig. 2).

Pb treatment resulted in a 28% increase in SOD
activity as compared to the control. SNP presoaking
further increased SOD activity in combination with Pb
treatment. 0.5 and 1 mM concentrations of SNP under
Pb stress raised SOD activity by 81 and 50% compared
with the Pb treatment alone, and by 133 and 93% as
compared to the control, respectively (Fig. 2).

The exposure to Pb stress maintained CAT activ-
ity at a 43% higher level than the control. SNP treat-
ment in combination with Pb resulted in a further
increase in CAT activity by 37 and 13% at 0.5 and
1 mM concentrations as compared to Pb treatment
alone, and by 95 and 61% as compared to the control,
respectively (Fig. 2).
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Fig. 1. Effect of Pb (200 mg kg™ soil) and SNP (0.5 and 1 mM as
NO donor) on MDA content of cowpea. Different letters indicate
significant differences at P<0.05 (using DMRT).
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Fig. 2. Effect of Pb (200 mg kg™ soil) and SNP (0.5 and 1 mM as
NO donor) on antioxidant enzyme activities in cowpea. Different
letters indicate significant differences at P<0.05 (using DMRT).

The APX activity was raised by 18% with Pb treat-
ment compared to the control. Application of SNP
further increased APX activity. 0.5 and 1 mM con-
centrations of SNP under Pb stress elevated the APX
activity by 41 and 27% as compared to Pb treatment
alone, and by 66 and 50% as compared to the control,
respectively (Fig. 2).

Pb treatment resulted in an increase in GR activ-
ity of 42% as compared to the control. SNP treatment
further increased GR activity. 0.5 and 1 mM concen-
trations of SNP in combination with Pb raised GR
activity by 62 and 39% compared with the Pb treat-
ment alone, and by 30 and 97% as compared to the
control, respectively (Fig. 2).
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Fig. 3. Effect of Pb (200 mg kg™ soil) and SNP (0.5 and 1 mM as
NO donor) on the proline content and RWC in cowpea. Different
letters indicate significant differences at P<0.05 (using DMRT).
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Fig. 4. Effect of Pb (200 mg kg™ soil) and SNP (0.5 and 1 mM as
NO donor) on the chlorophyll value and net photosynthetic rate
in cowpea. Different letters in each trait indicate significant dif-
ferences at P<0.05 (using DMRT).

Proline content

Fig. 3 shows that Pb stress caused a slight increase in
proline content of 26% compared with the control.
Moreover, the application of SNP caused a marked
increase in proline content. 0.5 and 1 mM concentra-
tions of SNP under Pb stress elevated proline content
by 92 and 61 as compared to Pb treatment alone, and
by 142 and 102% as compared to control, respectively.

RWC

The RWC decreased with Pb treatment. A 32% decline
was observed compared with the control. SNP treat-
ment had a positive effect on RWC. 0.5 and 1 mM
concentrations of SNP under Pb stress increased RWC

by 26 and 12% as compared to Pb treatment alone,
and decreased the RWC by 14 and 24% as compared
to the control, respectively (Fig 3).

Chlorophyll value

The chlorophyll value was lowered under Pb stress
by 53% as compared to the control. However, SNP
treatment increased the chlorophyll value. 0.5 and 1
mM concentrations of SNP in combination with Pb
raised the chlorophyll value by 65 and 32% compared
with the Pb treatment alone, and decreased it by 23
and 38% as compared to control, respectively (Fig. 4).

Net photosynthetic rate

As shown in Fig. 4, Pb treatment significantly reduced
the net photosynthetic rate by 60% compared with the
control. However, seed treatment with SNP raised the
net photosynthetic rate. 0.5 and 1 mM concentrations
of SNP under Pb stress increased the net photosyn-
thetic rate by 92 and 56% as compared to Pb treatment
alone, and decreased it by 23 and 38% as compared to
the control, respectively.

Both nitric oxide levels (0.5 and 1 mM) were ef-
fective in improving all measured traits under Pb
stress; however, 0.5 mM was more effective.

DISCUSSION

Plants have several mechanisms of lead tolerance such
as selective metal uptake, metal binding to the root
surface, sequestration of Pb in the vacuole, binding
to phytochelatins, restriction of Pb binding to the cell
wall by glutathione and amino acids, synthesis of os-
molytes and induction of antioxidant enzymatic and
non-enzymatic defense system (Sharma and Dubey,
2005; Pourrut et al., 2011). It was recently reported
that exogenous application of SNP (as a NO donor) al-
leviated the adverse effects of abiotic stresses induced
by heavy metals such as Cd (Zhang et al., 2010), Br
and Al (Aftab et al., 2012), As (Hasanuzzaman and Fu-
jita, 2013) and Cu (Zhang et al., 2009). In the present
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study, we investigated the possible function of exog-
enous NO in reducing lead toxicity in cowpea plants.

In our experiment, the MDA level was significantly
increased by Pb treatment. The levels of lipid peroxida-
tion in the plant cells are measured by the determina-
tion of their MDA content, a breakdown product of
lipid peroxidation. A high level of MDA is expressive
of an enhanced formation of ROS and oxidative dam-
age. In fact, ROS removes hydrogen from unsaturated
fatty acids and generates lipid radicals and reactive al-
dehydes, which distort the lipid bilayer (Mishra et al.,
2006). Pb is known to induce oxidative stress in plants
due to the elevated production of ROS (Qureshi et al.,
2007; Singh et al., 2010; Liu et al., 2008). In this work,
increasing MDA levels showed that oxidative stress and
lipid peroxidation of membranes were induced by Pb
stress in cowpea plants. Similar to our results, Pb toxic-
ity caused oxidative damage and elevated MDA content
in mung bean (Hassan and Mansoor, 2014), rice (Zhao
et al., 2009) and cotton (Bharwana et al., 2014). It was
also observed in the present study that seeds soaked in
SNP under Pb stress conditions reversed the Pb toxicity
effect and decreased the MDA content compared to
Pb treatment alone. NO alleviated Pb stress in cowpea
plants by preventing oxidative damage via the enhance-
ment of antioxidant enzyme activity and proline ac-
cumulation. This indicates that NO acts as an efficient
ROS scavenger and/or membrane stabilizer in cowpea
plants subjected to Pb stress. Metal toxicity by way of
oxidative damage can affect plasma membrane integrity
and, as reported herein, there is enough evidence to
show that the role of NO in alleviating oxidative stress
on biological membranes is ascribed to the enhance-
ment of ROS-scavenging enzyme activity. This function
of NO has been observed in heavy metal stress induced
by Cd (Kumari et al., 2010), Al (Wang and Yang, 2005)
and Br (Esim and Atici, 2013).

We found that lead treatment enhanced the activi-
ties of antioxidant enzymes such as SOD, CAT, APX
and GR in cowpea plants. These enzymes have a cru-
cial role in the scavenging of ROS to reduce oxidative
stress. One of the most important adverse effects of
heavy metals such as lead within a plant is an overpro-
duction of ROS, which consequently leads to oxidative

stress (Bharwana et al., 2014; Verma and Dubey, 2003;
Hassan and Mansoor, 2014; Zhao et al., 2009; Malar
et al., 2014). These ROS, such as singlet oxygen ('0,),
superoxide radicals (O,"), hydroxyl radicals (+OH), and
hydrogen peroxide (H,O,), are also generated in plant
cells during normal metabolic processes. Under normal
conditions, ROS are produced at a low concentration
and there is equilibrium between the generation and
quenching of ROS. This balance may be disturbed by
many environmental stresses. ROS at low levels act as
signaling molecules for the activation of stress response
pathways, but at high levels, ROS can induce oxidative
stress and damage to lipids, proteins, nucleic acids and
ultimately lead to cell death (Mittler, 2002; Sharma et
al., 2012). Therefore, in order to protect themselves
against oxidative stress, plants have developed a com-
plex antioxidative defense system for scavenging ROS
including enzymatic (e.g. SOD, CAT, APX, GR, GPX,
MDHAR and DHAR) and non-enzymatic (e.g. ascorbic
acid, glutathione, proline, a-tocopherols, carotenoids
and flavonoids) components (Gill and Tuteja, 2010; Lee
et al., 2007; Sharma et al., 2012; Hossain et al., 2012).
SOD, as the first line of cellular defense against oxida-
tive stress, dismutates O, to O, and H,0,. CAT con-
verts H O, to H,O and O,. APX in water-water and
ASH-GSH cycles using AsA converts H O, to H O
and MDHAR. GR catalyzes the reduction of GSSG to
GSH and thus maintains the GSH pool (Apel and Hirt,
2004; Gill and Tuteja, 2010; Sharma et al., 2012). Pb
toxicity may inhibit or enhance the activity of ROS-
scavenging enzymes. This dual impact of Pb depends
on metal type, the chemical form of the metal, plant
species, duration of treatment and concentration of
lead (Islam et al. 2008; Gupta et al. 2009; Singh et al.
2010). We observed that antioxidant enzyme activity
increased in Pb-treated cowpea plants, however, it did
not protect cells from Pb-induced oxidative damage. In
the present study, although Pb increased the activities
of antioxidant enzymes the MDA content remained
elevated. This is the indicator of oxidative damage in
Pb-treated plants. Similar to our results, increases in
SOD, CAT, APX and GR activities by Pb stress have
also been observed in many plant species, including
Oryza sativa (Verma and Dubey, 2003), Cassia angus-
tifolia (Qureshi et al., 2007) and Najas indica (Singh et
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al., 2010). However, the exogenous application of SNP
in combination with Pb raised the antioxidant enzyme
activities. Pre-treatment with SNP not only increased
the activities of antioxidant enzymes but also decreased
the MDA content enhanced by excess Pb. NO is itself a
ROS and its dual behavior (protective or toxic) depends
on the conditions (Beligni and Lamattina, 1999). The
protective role is based on its ability to regulate the level
and toxicity of ROS. In many studies, the alleviation of
oxidative damage by NO was ascribed to the induction
of activity of various ROS-scavenging enzymes (Esim
and Atici, 2013; Guo et al., 2009; Kausar et al., 2013).
In the present study, seeds soaked in SNP increased
the activity of antioxidant enzymes, including SOD,
CAT, APX and GR, under Pb stress conditions. In fact,
the activities of these enzymes in the presence of SNP
under Pb stress were much higher than those under Pb
stress alone. One possibility is that NO might activate
antioxidant systems to scavenge ROS. Beside the role
of NO in the activation of antioxidant enzymes that
scavenge ROS, it can also react with O, and generate
peroxynitrite (ONOO"). ONOO- is unstable and may
be protonated and decomposed to a nitrate anion and
a proton, or it can react with H,O, to produce a nitrite
anion and oxygen (Fan et al., 2014). In this experiment,
NO alleviated Pb toxicity in cowpea plants by reducing
oxidative damage via increasing activities of antioxidant
enzymes. Similar to our findings, increased SOD, CAT,
APX and GR activities by exogenously NO have been
reported under Cd stress (Kumari et al., 2010), drought
stress (Shehab et al., 2010), osmotic stress (Zhang et al.,
2003) and salinity stress (Sheokand et al., 2010).

Our experiment demonstrated that cowpea plants
accumulated proline in response to lead toxicity.
Moreover, the application of SNP enhanced an sig-
nificant increase in proline content under Pb stress.
Plants respond to the adverse impact of Pb in different
ways, such as accumulation of proline. It seems that
increased levels of proline have an important role in
protecting against the damaging effects of Pb stress.
Proline is an amino acid that accumulates in many
plant species in response to a wide range of environ-
mental stresses, including heavy metals. Proline acts as
a ROS scavenger, osmoprotectant, protein and mem-
brane stabilizer, heavy metal chelator, participates in

energy transfer, maintains water balance and reduces
metal uptake (Sharma and Dubey, 2005; Abd Elga-
wad et al., 2015; Mehta and Gaur, 1999). Similar to
our results, increasing proline accumulation induced
by Pb has also been observed in cassia (Qureshi et
al., 2007), sunflower (Noorani Azad et al., 2011) and
black gram (Singh et al., 2012). We also found that
SNP application increased the proline content under
Pb stress conditions. One reason for this occurrence
is the activation some key enzymes involved in the
synthesis of proline by NO (Zhang et al., 2008). In
agreement with our results, the positive effect of SNP
application in proline accumulation and the eventual
alleviation harmful effects of different abiotic stresses
has already been reported in wheat under osmotic
stress (Tan et al., 2008), cucumber and wheat under
salinity stress (Huaifo et al., 2007; Kausar et al., 2013),
cotton under drought stress (Shallan et al. 2012) and
wheat under As-induced oxidative stress (Hasanu-
zzaman and Fujita, 2013). The present work clearly
indicates a positive relationship between NO, Pb stress
and proline accumulation that shows a protective role
of proline against lead toxicity.

We found that Pb stress decreased the RWC in
cowpea leaves. RWC is one of the most important
measurement indices of plant water status that is re-
lated to water uptake by the roots and water loss by the
shoots. A decline in the RWC as a result of lead tox-
icity is ascribed to an imbalance between the uptake
and loss of water. Lead reduces root growth (Malar et
al., 2014; Wang et al., 2013) and consequently water
uptake as well as decreasing cell-wall plasticity and cell
turgor via a lowering of the level of compounds that
control cell turgor (Sharma and Dubey, 2005; Pourrut
et al,, 2011), ultimately disturbing plant water status.
In agreement with the present work, Winska-Krysiak
et al. (2015) and Azhar et al. (2009) also observed that
Pb toxicity reduced RWC in sunflower plants. We ob-
served that seeds soaked in SNP increased the RWC
under Pb stress conditions. It seems that NO, through
further accumulation of proline, maintained cell tur-
gor pressure. Similarly, Hatamzadeh et al. (2015) and
Sheokand et al. (2010) reported that plants treated
with SNP showed higher RWC compared to controls
under drought and salinity stress, respectively. Tan et
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al. (2008) also showed that in wheat seedlings higher
water potential and RWC were maintained and leaf
water loss in leaves was retarded by exogenous SNP.
In chickpea plants, the RWC also decreased under
salinity stress, but SNP treatment had a positive effect
on the RWC (Sheokand et al., 2010).

In the present study, a significant decrease in chlo-
rophyll value was observed in cowpea leaves under Pb
stress. Lead may impair the uptake of essential ele-
ments, such as Mg and Fe, for chlorophyll biosynthe-
sis (Nareshkumar et al., 2014; Chatterjee et al. 2004),
substitute divalent cations (Gupta et al., 2009), prevent
enzyme activity like aminolevulinic acid dehydratase
(Prasad and Prasad, 1987) and increase chlorophyll
biodegradation by enhancing chlorophyllase activity
(Liu et al. 2008). Similarly, a reduction in the chloro-
phyll content after exposure to Pb has been reported
in many plant species (Bharwana et al., 2014; Malar
et al., 2014; Wang et al., 2013). In this experiment,
exogenous NO increased the chlorophyll content
under Pb toxicity because NO raised the antioxidant
enzyme activity and consequently diminished chlo-
rophyll destruction induced by ROS. On the other
hand, NO also maintains chlorophyll by increasing
the uptake of Fe and Mg under Pb stress (Bai et al.,
2015). Thus, NO protects chlorophyll by improving
its biosynthesis and reducing its degradation under Pb
stress conditions. A high NO-induced accumulation
of chlorophyll was also observed in Brassica napus and
tomato under Cd stress (Jhanji et al., 2012; Zhang et
al., 2010), wheat under heat stress (Hasanuzzaman
et al., 2012), cucumber under chilling and waterlog-
ging stress (Liu et al., 2011; Fan et al., 2014), turfgrass
under drought stress (Hatamzadeh et al., 2015) and
wheat under As-induced oxidative stress (Hasanuz-
zaman and Fujita, 2013).

The results of our experiment showed that the net
photosynthetic rate of cowpea leaves was dramatically
reduced by Pb toxicity. Disruption of photosynthesis
is a well-known indicator of lead toxicity (Bai et al.,
2015; Romanowska et al., 2006; Bharwana et al., 2014).
Pb toxicity causes a decline in the photosynthetic rate,
which may be due to the reduction of chlorophyll
content, stomatal closure (Bharwana et al., 2014; Bai

et al., 2015), distortion of chloroplast ultrastructure,
inhibition of Calvin cycle enzyme activity (Sharma
and Dubey, 2005) and obstruction of electron trans-
port (Pourrut et al., 2011). According to the present
study, the decreased net photosynthetic rate by Pb in
cowpea plants was related to a reduced chlorophyll
value and RWC and also enhanced oxidative damage
to the chloroplast membrane. We also observed that
seeds soaked in SNP improved the net photosynthetic
rate under Pb stress conditions. NO participated in
the improvement of photosynthesis by raising chlo-
rophyll content and RWC, and also ROS scavenging
under Pb stress. In agreement with our findings, the
use of SNP promoted the net photosynthetic rate of
Artemisia under Br and Al stresses (Aftab et al., 2012),
tomato under Cd stress (Zhang et al., 2010), rice and
cucumber under salinity stress (Habib et al., 2013;
Huaifo et al., 2007) and wheat under osmotic stress
(Tan et al., 2008).

In conclusion, the present study demonstrated
that Pb stress caused oxidative damage and membrane
lipid peroxidation, leading to a significant decrease in
chlorophyll value, RWC and net photosynthetic rate
in cowpea leaves. On the other hand, the presoaking
of cowpea seeds in SNP as NO donor before exposure
to Pb had a protective effect against Pb toxicity by
increasing antioxidant enzyme (SOD, CAT, APX and
GR) activities, as well as promoting proline accumu-
lation and leading to an improvement of the chloro-
phyll value, RWC and net photosynthetic rate. Thus,
exogenous NO can be used to alleviate Pb toxicity in
cowpea.
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