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Abstract: Lead (Pb) is one of the major environmental heavy metal pollutants, known as being
neither essential nor beneficial for any living organisms, and which is detrimental to plant fitness,
growth, and productivity, as well as human health. This study investigated the changes in the
morphological, physiological, and biochemical properties of rice cultivars exposed to lead (Pb).
Therefore, soil was contaminated with a solution containing 0.6 mM or 1.2 mM Pb four weeks prior
to transplanting. Then, 4-week-old rice seedlings of Tunnae, Ilmi, Yasmen, Mashkab, and Amber
Barka were transplanted into the contaminated soil and grown until maturity. The results showed
that a high concentration of lead (1.2 mM) induced significant reduction in the plant height, number
of tillers, number of panicles per plant, and the number of spikelets per panicle in Pb-sensitive rice
cultivars, while in Pb-tolerant cultivars, a balanced growth of plants and non-significant change in the
major yield components were recorded. However, all rice cultivars showed a reduced biomass dry
weight. Under the same conditions, we observed a differential enzymatic antioxidant activity, with
catalase (CAT) and peroxidase (POD) being the most active. In addition, the proline accumulation
and sucrose content increased concomitant with an increase in the Pb concentration, while the total
protein and chlorophyll contents significantly decreased. Of all the soluble sugars analyzed, sucrose
was the most abundant in response to Pb treatment. Interestingly, the rice cultivars Tunnae and
Mashkab exhibited a high degree of tolerance towards Pb stress, with a balanced plant height, number
of tillers, number of panicles, and number of spikelets per plant. Therefore, all results collectively
suggest that the tolerance to Pb-induced oxidative stress observed in Tunnae and Mashkab could be
a result of a synergetic action of both enzymatic and non-enzymatic antioxidant systems, leading to a
balanced reduction–oxidation status in rice.

Keywords: lead (Pb) toxicity; oxidative stress; soluble sugars; stress tolerance; rice

1. Introduction

For many years, heavy metals (HMs) have been one of the major problems impairing
the sustainability of agro-ecosystems, and a threat to farming, particularly in industrial
areas [1,2]. HMs, including lead (Pb), cadmium (Cd), arsenic (As), and mercury (Hg),
are considered as pollutants, generally released by industries, mining, automobiles, and
inorganic fertilizers, as well as other agrochemicals [3,4]. HMs have been reported to be
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detrimental to the health of humans and animals, plants, soil, and aquatic organisms [5].
In addition, HMs such as copper (Cu), zinc (Zn), manganese (Mn), iron (Fe), nickel (Ni),
and cobalt (Co) are considered as essential micronutrients for the metabolism of plants, but
when they are present in excess, as well as in low amounts (for non-essential HMs, such as
cadmium, mercury, lead), they have the ability to induce toxicity.

Lead (Pb) was ranked second heavy metal after arsenic (As) based on its high risk of
inducing toxicity [6]. Pb has the potential to impair the growth and development of plants
by altering various aspects of the plant’s metabolism [7,8], including cell division, seed
germination, seedling growth, photosynthesis, respiration, cell membrane permeability,
and ultrastructural changes [9–11]. In addition, the toxicity of Pb depends on many
factors, including the duration of the exposure, concentration, plant growth stage, and the
accumulation of Pb in different parts of the plant [12].

Generally, when plants are exposed to an environmental stimulus, such as heavy
metals, they activate various antioxidant (enzymatic and non-enzymatic) systems as part of
the adaptive response mechanism, which helps maintain under a controlled level the accu-
mulation of reactive oxygen species (ROS), converging towards tolerance to the stress [13].
However, overaccumulation of ROS has been shown to result in oxidative stress that may
culminate in oxidative damage, thereby inducing programmed cell death (PCD). In the
same way, a high concentration of HMs, including lead (Pb), triggers the generation of ROS,
which may induce oxidative stress as well as damage to the cell membrane, and changes in
the cellular metabolism and physiological processes, under which conditions, cellular com-
ponents such as nucleic acids, soluble sugars levels, and the chloroplast pigments could be
altered [14–17]. Similarly to other environmental stimuli, plants exposed to HMs use their
intrinsic sophisticated strategies for metal uptake, storage, transportation, detoxification,
elimination, and compartmentalization [18]. Furthermore, some evidence has been found
that different plant species or varieties of the same species can show variations in their
ability to take up, translocate, and accumulate Pb [19]. Additionally, contamination of soils
with Pb, its translocation and accumulation in different parts of the plant, particularly in
grains, and its effects on human health have been studied [20–22].

Despite the complexity of the food system and diversification in the preference for
various foods, rice remains a staple food crop in many Asian countries solely cultivated
for human consumption. However, this important crop is often exposed to various envi-
ronmental cues, including heavy metal (HM) stress caused by the use of chemicals that
are potential sources of metals, and the repeated use of wastewater and sewage sludge,
for instance, during rice cultivation [23]. A recent report indicated that the exposure of
rice plants to Pb caused a reduction in chlorophyll and carotenoid contents, and induced
changes in protein content [24].

The European Chemicals Agency (ECHA) has classified lead (Pb) in the category
of chemicals of great concern for the environment [25]. Therefore, this study aimed at
evaluating the changes in the growth-related parameters and yield components of in indica
and japonica rice varieties originating from different agro-ecological zones, in response
to gradient lead concentrations. In addition, the activity of key antioxidant enzymes
and their interplay in response to gradient Pb concentrations are discussed. Under the
same conditions, we explored the possible involvement of soluble sugars in the adaptive
response mechanism towards lead (Pb)-induced oxidative stress by analyzing the changes
in the sucrose, glucose, and fructose contents.

2. Materials and Methods
2.1. Plant Materials, Growth Conditions, and Lead Application

To perform the experiments, five rice cultivars, including Yasmen and Amber Barka
(indica, from Iraq), Tunnae and Ilmi (japonica, from South Korea), and Mashkab (japonica,
from Iraq) were used as genetic materials (Table 1). Tunnae was recently scored as tolerant
to drought stress (data not shown), while Ilmi, Yasmen, and Amber Barka were reported as
drought sensitive, and Mashkab was scored as drought tolerant [26]. Prior to germination,
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seeds were surface sterilized in Prochloraz 62.5 µL/125 mL (v/v) for about 2 h, and rinsed
three times for 3 h (1 h each time), followed by incubation for 72 h at 28 ◦C under dark
conditions to induce germination. Germinated seeds were sown in 50-well trays containing
an enriched soil (Doobaena Plus, Nong Kyung Ltd., Yeongcheon-si, Korea) until the 3–4 leaf
stage (about 4-week-old seedlings). To induced lead (Pb) stress, lead(II) nitrate (Pb(NO3)2)
was used as a Pb donor [27]. The soil was contaminated with a solution containing 0.6 mM
or 1.2 mM Pb four weeks prior to transplanting. The treatment was renewed every three
days until transplanting time. Then, healthy and vigorous seedlings with a uniform height
(4-week-old rice seedlings) were transplanted to big pots filled with Pb-contaminated soil.
Plants were grown in a greenhouse during June–September 2020, at Kyungpook National
University, Daegu, Republic of Korea. Control plants were routinely watered by irrigation
to maintain a required soil moisture for an optimum plant growth until harvest.

Table 1. List of rice cultivars.

Cultivars Countries Species/Subspecies References

Tunnae South Korea O. sativa ssp. japonica
Ilmi South Korea O. sativa ssp. japonica [28]

Yasmen Iraq O. sativa ssp. indica [29]
Mashkab Iraq O. sativa ssp. japonica [29]

Amber Barka Iraq O. sativa ssp. indica [29]

2.2. Sampling and Phenotypic Evaluation under Lead Treatment

Samples for physiological and biochemical analyses were collected 30 days after Pb
application, as described by Ashraf et al. [27], with slight modifications. The phenotypic
parameters, such as plant height, number of tillers per plant, number of panicles per plant,
number of spikelets per panicle, and panicle length were measured after rice plants reached
their maturity. In addition, the biomass dry weight was estimated soon after harvesting,
and expressed in grams and calculated as follows: (fresh weight − dry weight)/fresh
weight × 100. The above-ground parts of plants were weighed with a digital electric balance
(BSA323S-CW Sartorius, Tokyo, Japan) and noted as plant aboveground dry biomass.

To estimate the effect of Pb treatment on the grain weight of the tested rice cultivars,
rice grains were harvested and post-harvest processed, and the thousand grain weight
(TGW) was calculated as ((average grain weight/the number of samples (n)) × 100) as
previously reported [30].

2.3. Chlorophyll Content Determination and Panicle Length Measurement

The chlorophyll content was measured in leaf samples using a SPAD meter (SPAD-
502., Minolta Co., Ltd., Osaka, Japan) following the method described by Khan et al. [31].
The length of panicles was measured using a regular ruler.

2.4. Estimation of Electrolyte Leakage

We performed an electrolyte leakage assay to estimate the ion leakage that would
be caused by the Pb-induced oxidative damage, as described by Khan et al. [32], with
slight modifications. Briefly, about 200 mg fresh leaf samples collected from control and
Pb-treated plants were rinsed with deionized water to remove any surface electrolytes.
Samples were placed in test tubes containing 10 mL deionized water, and kept for 6 h at
room temperature. Then, the electrical conductivity (EC1) was analyzed using a portable
conductivity meter (HURIBA Twin Cond B-173, Japan) (Step 1). For the determination of
EC2, leaf samples from step 1 were autoclaved for 15 min at about 120 ◦C and cooled down
at room temperature. The ion leakage was calculated from step 1 and step 2, as the ratio
between EC1/EC2 × 100, and expressed as a percentage.
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2.5. Proline Measurement Assay

Proline quantification was done following the colorimetric method as described by
Bates et al. [33]. The absorbance of the reaction mixture containing toluene was read at
520 nm wavelength, and proline concentration was calculated on the basis of fresh weight
and expressed in µg g−1 FW.

2.6. Enzymatic Antioxidant Assay, Protein, DAB Staining, and Soluble Sugar Contents

The activity of antioxidant enzymes, such as catalase (CAT), peroxidase (POD),
polyphenol oxidase (PPO), and superoxide dismutase (SOD), as well as the accumula-
tion of superoxide anion (O2

•–) were analyzed as described previously [34]. About 400 mg
leaf samples were crushed using a chilled mortar and pestle. Then, the samples were
homogenized with 0.1 M phosphate buffer (pH 6.8) and centrifuged at 4 ◦C for 15 min at
5000 rpm. The supernatant was used as the crude enzyme source for CAT, POD, and PPO
activities, and total protein content.

The CAT activity was measured as described earlier [26]. Briefly, 50 µL of H2O2
(50 mM) (CAS No: 7722-84-1, Sigma-Aldrich, Korea) were added to the crude enzyme
extract, and the absorbance of the reaction was read at 240 nm wavelength after 1 min.
The activity of CAT was expressed in µg mg−1 of samples’ dry weight as described by
Sirhindi et al. [35].

The activity of PPO and POD was determined following the method described by
Khan et al. [34]. The reaction mixture for POD consisted of 50 µL crude enzyme extract,
50 µL of pyrogallol (50 µM) (CAS No: 87-66-1, Sigma-Aldrich, St. Louis, MO, USA), 25 µL
of H2O2 (50 mM), and 10 µL of phosphate buffer (0.1M, pH 6.8), and was incubated at
room temperature for 5 min under dark conditions (in a drawer). Then, 25 µL of H2SO4
(5% w/v) (CAS No: 7664-93-9, DUKSAN PURE CHEMICALS, Korea) were added to the
reaction mixture, followed by the reading of the absorbance at 420 nm wavelength. For
PPO activity analysis, the reaction mixture was composed of 50 µL of the crude enzyme
extract, 50 µL pyrogallol (50 µM), and 100 µL phosphate buffer (0.1 M). The absorbance
was read at 420 nm wavelength. Calculations were done as previously described [36].

Furthermore, the superoxide dismutase (SOD) activity was analyzed following the
photoreduction of nitroblue tetrazolium (NBT), as described by Sirhindi et al. [35]. The
absorbance of the reaction mixture was read at 540 nm wavelength using a spectropho-
tometer (T60 UV-Visible Spectrophotometer, pgInstruments, Leicestershire, UK). A unit of
SOD is estimated as the quantity of enzyme that hampers 50% of photoreduction of NBT,
and is expressed as U mg−1 of the sample.

To quantify the accumulation of superoxide anion (O2
•–), the method proposed by

De Sousa et al. [37] was used. Briefly, 1 g of fresh shoot plants ground to fine powder
was immersed in 0.01 M sodium phosphate buffer (pH 7.0) containing 0.05% (w/v) NBT
(CAS No: 298-83-9, Sigma-Aldrich, Korea) and 10 mM sodium azide (NaN3) (CAS No:
26628-22-8, Sigma-Aldrich, Korea), and the mixture was incubated at room temperature
for 1 h. Then, 5 mL of the mixture were transferred into fresh tubes and incubated at
85 ◦C for 15 min in a water bath. The solution was immediately cooled down on ice and
vacuum filtered. The absorbance of the sample was read at 580 nm wavelength using a
spectrophotometer (Shimadzu, Kyoto, Japan). Superoxide anion scavenging activity was
calculated using the following formula: O2

•– scavenging % = [(A580 of control−A580 of
treated samples)/A580 of control)] × 100.

To estimate the accumulation of hydrogen peroxide (H2O2) in response to Pb-induced
oxidative stress, diaminobenzidine tetrahydrochloride (DAB) staining was employed as
described previously [38]. Briefly, detached leaf samples were immersed in a staining
solution containing 1 mg mL−1 DAB solution (CAS No: 7411-49-6, Sigma-Aldrich, Korea),
pH 3.8. Then, leaf samples were vacuum infiltrated for about 1 min, and the vacuum
was released gently, and this process was repeated up to three times until the leaves were
completely infiltrated, followed by incubation in a plastic box for about 6 h until brown
precipitates were visible. Chlorophyll was removed by repeated washing with ethanol
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(96% v/v) at 40 ◦C. Stained leaf samples were fixed with a solution of 3:1:1 ethanol:lactic
acid:glycerol and the picture was taken.

Total protein content was quantified according to the method described by Brad-
ford [39], with slight modifications. The absorbance of the reaction mixture was read at
595 nm wavelength.

The soluble sugars were determined from freeze-dried samples and were put in test
tubes containing 10 mL of distilled water, and boiled for 20 min in a water bath at 90 ◦C.
Then, the samples were immediately cooled down in an ice bath, and 5 mL of anthrone
(CAS No: 90-44-8, Sigma-Aldrich, Korea) solution were added to 500 µL of the extract
(supernatant), and mixed by vortexing. The absorbance was read 620 nm wavelength. The
soluble sugar contents were expressed as mg g−1 DW [40].

2.7. Statistical Analysis

All the experiments were done using a CRD design. The data were collected in
triplicate and analyzed statistically with GraphPad Prism software (Version 7.00, 1992–2016
GraphPad). An analysis of variance (ANOVA) for completely randomized design was
performed to assess the statistical significance between the lead (Pb)-treated and control
plants, and Tukey’s multiple comparison test was employed at a significance level of 0.05.

3. Results
3.1. Lead-Induced Oxidative Stress Inhibited Plant Growth, and Reduced Rice Productivity
and Biomass

Rice plants were exposed to gradient lead (Pb) concentrations throughout the vege-
tative growth and maturity in order to examine their phenotypic responses. The results
show that under the 0.6 mM Pb treatment, Yasmen and Mashkab showed a non-significant
change in plant height, while Amber Barka, Tunnae, and Ilmi showed 3, 5.7, and 14.1% re-
ductions, respectively, compared to their corresponding controls. However, under 1.2 mM
Pb, the highest reduction in plant growth was observed in Ilmi (22.3%), followed by Yasmen
(13.9%), Tunnae (7.9%), Amber Barka (6.5%), and Mashkab (1.7%) (Figure 1A,G–K). In
addition, the rice cultivars Ilmi and Yasmen exhibited a significant reduction in the num-
ber of tillers (29.3 and 37.5%, respectively) (Figure 1B,H,I) under 0.6 mM, while showing
34.1 and 41.7% reductions, respectively, in response to 1.2 mM Pb treatment. However,
Tunnae, Mashkab, and Amber Barka showed a non-significant change in the number of
tillers when grown under 0.6 mM Pb, but under 1.2 mM Pb, Tunnae and Amber Barka
exhibited 10 and 20% reductions in the number of tillers (Figure 1B,G,J,K). Under the same
conditions, the number of panicles per plant significantly decreased in Ilmi (16.7 and 33.3%)
and Yasmen (25 and 29.2%) when both 0.6 and 1.2 mM Pb were applied, respectively
(Figure 1C), whereas Tunnae showed a non-significant change under 0.6 mM Pb but a 20%
reduction in response to 1.2 mM Pb. Mashkab showed 4.2 and 8.3% (0.6 and 1.2 mM Pb,
respectively) decreases in the number of panicles per plant, while Amber Barka showed 8.3
and 16.7% reductions. Similarly, the number of spikelets per panicle decreased significantly
in Ilmi (18.2 and 27.3% for 0.6 and 1.2 mM Pb, respectively) and Yasmen (12.5 and 15.3%
for 0.6 and 1.2 mM Pb, respectively) (Figure 1D), but Tunnae showed 0 and 10.3% (0.6
and 1.2 mM Pb, respectively) and Mashkab showed 10.3 and 17.6% (0.6 and 1.2 mM Pb,
respectively) decreases. Furthermore, Pb application significantly inhibited the growth
of panicles in Ilmi (2.6 and 4.4%), Mashkab (1.2 and 2%), and Amber Barka (11.9 and
20.8%) in response to 0.6 and 1.2 mM Pb, respectively (Figure 1E). However, Tunnae and
Yasmen showed a non-significant change. In the same way, a significant reduction in the
biomass dry weight was recorded in all tested rice cultivars in response to both Pb levels,
where Amber Barka and Ilmi recorded the highest reduction percentages (32 and 27%,
respectively) under 0.6 mM Pb. However, under 1.2 mM Pb treatment, the reduction in
biomass ranged from 18.8% to 61%, with Ilmi and Yasmen having the highest reduction
percentages (Figure 1F). Another important component of rice yield measured in response
to Pb stress is the grain weight, herein expressed as thousand grain weight (TGW). As
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shown in Figure 2, Ilmi recorded the highest reduction in TGW (10 and 15.8% under 0.6
and 1.2 mM Pb, respectively), followed by Amber Barka (6 and 13% in response to 0.6 And
1.2 mM Pb, respectively). Tunnae and Yasmen showed a similar TGW reduction pattern
under 0.6 mM Pb treatment (1.9%), but in response to 1.2 mM Pb, their respective TGW
reduction percentages were 6.9 and 3.1%. Under the same conditions, Mashkab showed a
decrease in TGW of about 1.4 and 3.5% when 0.6 and 1.2 mM Pb were applied, respectively.

Figure 1. Changes in the agronomic traits of different rice cultivars under a gradient Pb concentrations.
(A) Plant height, (B) number of tillers per plant, (C) number of panicles per plant, (D) number of
spikelets per panicle, (E) panicle length, (F) biomass dry weight, and (G–K) visual phenotypes of five
rice cultivars (Tunnae, Ilmi, Yasmen, Mashkab, and Amber Barka). Bars are mean values ± SE. Data
are compared with their respective controls (untreated plants: 0 mM Pb). *** p < 0.001, ** p < 0.01,
* p < 0.05, ns: non-significant.
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Figure 2. Changes in the grain weight of five rice cultivars in response to Pb application. The above
graph shows the changes in thousand grain weight (TGW) in each of the five rice cultivars exposed
to lead (Pb) stress. Cultivars are Tunnae, Ilmi, Yasmen, Mashkab, and Amber Barka. Bars are mean
values ± SE. Data were compared to the control (0 mM Pb). *** p < 0.001, ** p < 0.01, * p < 0.05,
ns: non-significant.

3.2. Lead-Induced Oxidative Stress Triggered Hydrogen Peroxide Accumulation and Activated
Antioxidant Enzymes

Upon their exposure to stressful conditions, different sorts of reactive oxygen species
(ROS) accumulate within the cell as part of the signaling cascades activated to induce the
adaptive response mechanism, which include enzymatic and non-enzymatic antioxidants,
such as catalase (CAT, known to play a role in lowering overaccumulation hydrogen
peroxide, H2O2), superoxide dismutase (SOD), peroxidase (POD), and polyphenol oxidase
(PPO). Our data show that a significant increase in the activity of CAT was observed in
all rice cultivars, and at all Pb concentrations. In essence, Tunnae showed the lowest CAT
activity in response to 0.6 mM Pb (increased by 4.7%), while Ilmi, Yasmen, and Mashkab
showed about 19.7%, 10.8%, 29.5%, and 11% increases, respectively. However, all rice
cultivars showed a similar increasing pattern of CAT activity, ranging from 18.1% to 25.2%,
in response to 1.2 mM Pb (Figure 3A). Under the same conditions, the activity of POD
increased significantly with the increase in the Pb concentration in nearly all tested rice
cultivars (Figure 3B). The rice cultivar Tunnae showed a higher POD activity at all Pb levels
(102.1 and 157.7% increases under 0.6 and 1.2 mM Pb, respectively), followed by Ilmi (35%),
Amber Barka (21.4%), Mashkab (17.9%), and Yasmen (11.3%) under 0.6 mM Pb. However,
under 1.2 mM Pb treatment, Ilmi, Yasmen, Mashkab, and Amber Barka showed an increase
in PPO activity of about 4.1, 14.5, 79.4, and 70%, respectively (Figure 3C). Likewise, the
activity of PPO in Tunnae, Yasmen, and Amber Barka was the highest among the tested
rice cultivars under 0.6 mM Pb (36.7, 22.3, and 35.8% increases, respectively).
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Figure 3. Changes in the antioxidant enzyme activity under Pb treatment. (A) Catalase activity in
Tunnae, Ilmi, Yasmen, Mashkab, and Amber Barka in response to gradient lead (Pb) concentrations,
(B) peroxidase (POD) activity, (C) polyphenol oxidase (PPO) activity, (D) superoxide dismutase
(SOD) activity, (E) superoxide anion, and (F) electrolyte leakage. Bars are mean values ± SE. White
bars are controls (plants grown without Pb treatment), striped bars and black bars are plants treated
with 0.6 and 1.2 mM Pb, respectively. *** p < 0.001, ** p < 0.01, * p < 0.05, ns: non-significant.

When plants are exposed to an environmental stimulus, ROS are generated, including
superoxide anion. To cope with the increase in oxidative stress due to overaccumulation of
ROS, SOD, which catalyzes the dismutation of superoxide radicals to oxygen and H2O2,
has been reported to be activated, among other antioxidant enzymes. Here, SOD activity
increased significantly in all rice cultivars, except in Amber Barka (Figure 3D). We were
also interested to see the changes in the accumulation of the superoxide anion (O2

•–) in
response to Pb stress. O2

•– is a radical species involved in diverse chemical and biological
systems. Our data show that O2

•– content increased significantly in all Pb-treated rice
cultivars (Figure 3E).
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In the same way, plants subjected to Pb stress experience oxidative stress, which may
result in oxidative damage. Here, we observed a significant increase in the electrolyte
leakage in all rice cultivars, ranging between 10.9 and 52.7% due to 0.6 mM Pb application
and 25.2 and 102% caused by 1.2 mM Pb treatment (Figure 3F). It is then evident that Pb
application induced oxidative stress, and eventually the generation of ROS that might
have affected the integrity of the cell membrane. Additionally, the diaminobenzidine
tetrahydrochloride (DAB) staining results indicate a high accumulation of H2O2 in Ilmi
and Amber Barka at all Pb levels, followed by Yasmen, Mashkab, and Tunnae at 0.6 mM
Pb (Figure 4).

Figure 4. Detection of hydrogen peroxide (H2O2) accumulation in response to lead (Pb)-induced
oxidative stress. Upon stress induction, different sorts of reactive oxygen species (ROS) accumulate
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as part of the signaling cascades used to initiate the adaptive response mechanisms towards stress
tolerance. However, overaccumulation of ROS, including H2O2, causes oxidative stress that may lead
to oxidative damage, which may culminate in programmed cell death (PCD). The diaminobenzidine
tetrahydrochloride (DAB) staining shows the detection of H2O2 accumulation under gradient Pb
concentrations in five rice cultivars.

3.3. Application of Lead Reduced Protein and Chlorophyll Accumulation, and Increased
Proline Content

We recorded a significant reduction in total protein content in all rice cultivars under
both 0.6 and 1.2 mM Pb treatments, ranging between decreases of 14 and 33.3% due to
0.6 mM Pb application and 26.5 and 58% caused by 1.2 mM Pb treatment (Figure 5A).
Furthermore, proline, a stress amino acid, also known for its role in the adaptive response
mechanism towards abiotic stress tolerance, significantly increased concomitantly with the
increase in the Pb concentration (31.5–98.7% increase by 0.6 mM Pb and 56.2–297.4% by
1.2 mM Pb) (Figure 5B), and Tunnae and Mashkab showed high proline accumulation levels
with 1.2 mM Pb application. Moreover, as shown in panel C of Figure 5, Pb application in
Tunnae and Mashkab resulted in the lowest change in chlorophyll content (0.4 and 2.6%
decrease at 0.6 mM Pb), while Ilmi, Yasmen, and Amber Barka had 11.6, 14.7, and 19%
reductions, respectively. However, when a high Pb concentration (1.2 mM) was applied, the
recorded decrease in chlorophyll content in Tunnae, Ilmi, Yasmen, Mashkab, and Amber
Barka was about 9.8, 12.9, 34.8, 31.3, and 37%, respectively.

Figure 5. Changes in the chlorophyll content under lead treatment. (A) Protein content, (B) proline content, and (C) total
chlorophyll content in Tunnae, Ilmi, Yasmen, Mashkab, and Amber Barka in response to gradient lead (Pb) concentrations.
Bars are mean values ± SE. White bars are controls (plant grown without Pb treatment), striped bars and black bars are
plants treated with 0.6 and 1.2 mM Pb, respectively. The above figure shows the changes in total chlorophyll content in
response to different lead (Pb) concentrations (0.6 and 1.2 mM) in five rice cultivars (Tunnae, Ilmi, Yasmen, Mashkab, and
Amber Barka). Bars are mean values ± SE. *** p < 0.001, ** p < 0.01, * p < 0.05, ns: non-significant.
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3.4. Lead Application Differentially Affected Soluble Sugar Levels in Rice

A change in the metabolism of plants is expected when they are exposed to environ-
mental stimuli. Under these conditions, plants reallocate their resources, including energy
use, to the adaptive response mechanism towards stress tolerance, while maintaining a
balanced reduction–oxidation status. In plants, soluble sugars accumulate during abiotic
stress occurrence. Our data show a significant increase in sucrose content in Tunnae and
Yasmen under both 0.6 and 1.2 mM Pb treatments (31.4 and 86.3%, respectively), followed
by Yasmen (28.8 and 34.1%), and Amber Barka (20.2 and 35.5%). Ilmi and Mashkab showed
about 2.1 and 9.6%, and 1.3 and 12.2%, increases in sucrose content under 0.6 and 1.2 mM
Pb, respectively (Figure 6A). Meanwhile, the glucose content (Figure 6B) decreased signifi-
cantly in all rice cultivars, ranging between 33.8 and 100% in response to 0.6 mM Pb, and
38.1–100% under 1.2 mM Pb. Similarly, fructose content decreased in Tunnae, Ilmi, Yasmen,
and Mashkab by 35.2, 69.9, 50.2, and 49.2%, respectively (under 0.6 mM Pb), while under
1.2 mM Pb, we observed a reduction of about 35.1, 71.5%, 63.2, and 100%, respectively.
However, neither glucose nor fructose could be detected in the 0.6 nor 1.2 mM Pb-treated
samples of Amber Barka. It is believed that these soluble sugars could have been reduced
to trace amounts that could not be detected.

Figure 6. Changes in the soluble sugar content under lead treatment. (A) Sucrose content in five rice cultivars (Tunnae, Ilmi,
Yasmen, Mashkab, and Amber Barka), (B) Glucose content and (C) fructose content in response to 0.6 and 1.2 mM lead (Pb)
treatment. Bars are mean values ± SE. *** p < 0.001, ** p < 0.01, * p < 0.05, ns: non-significant.
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4. Discussion
4.1. Exogenous Application of Lead Inhibits Plant Growth and Reduces Productivity of Rice

Due to their sessile nature, crop plants are subject to various environmental cues,
causing severe damage and loss of productivity. Heavy metals, such as lead (Pb), have been
reported as the elements that were most extensively used by humans over recent decades,
which led to extensive pollution of surface soils, by binding to humic matter in organic-rich
soil and to iron oxides in mineral soil. Pb and its compounds are said to accumulate in
soils and sediments, where they may remain bioavailable for a long period of time [41].
The chemical behavior of Pb in the soil was suggested to depend on the organic matter
content, as Pb is strongly absorbed on humic matter at pH 4 and above [42,43]. As reported
earlier [44,45], most of the lead in the soil appears to be generally unavailable to the plant
tops, considering that from the Pb (Pb2+) absorbed by the roots of plants, very little is
translocated from the roots to the above-ground plant organs, which was shown to depend
on the physiological status of the plant [46] and may cause toxicity, leading to changes in
the metabolism of the plant [47,48]. Different plant species have different tolerance levels
to Pb contamination, which could depend on the Pb concentration [49], as well as the
root Pb storage potential and transport of a particular plant species [50]. The observed
inhibitory effect of Pb on the morphological aspects of rice plants, including major yield
components of rice (Figure 1A–D and Figure 2), particularly in rice cultivars identified as
Pb sensitive (Ilmi, Yasmen, and Amber Barka), and much less in those identified as Pb
tolerant (Tunnae and Mashkab), suggest that the applied Pb concentration had a significant
effect on the growth-related parameters of rice as well as the major yield components of
rice, in a concentration-, genotype-, and duration of exposure-dependent manner. In a
converse approach, heavy metals were reported to negatively affect cell division and plant
growth and development [51]. In addition, Ilmi, Yasmen, and Amber Barka were recently
reported to be sensitive towards drought and dehydration stresses [52]. A similar response
was observed when Ilmi and Yasmen were exposed to Pb stress. The negative effects on
plant growth and development could be attributed in part to the obstruction of nutrient
uptake from the roots due to the high Pb application [27]. Additionally, Ali et al. [53]
supported that rice cultivars grown in soil contaminated with 1 mg Hg Kg−1 Pb exhibited
a significant reduction in plant height, number of tillers per plant, and number of panicles
per plant. In the same way, another study suggested that the toxic effect of heavy metals
on the growth parameters of plants could be attributed to a reduction in the alteration of
the activity of some antioxidant enzymes or mineral nutrition uptake or the photosynthetic
process [48].

4.2. Lead-Mediated Oxidative Stress Alters the Physiological and Biochemical Properties of Rice

Upon stress induction, caused by either biotic or abiotic stress stimuli, plants undergo
a complex physiological and biochemical reprogramming and redistribution of resources
to combat the stress, in our case, in response to lead-induced oxidative stress. As a
result, various antioxidant (enzymatic and non-enzymatic) systems are activated, and the
synthesis of various biological components is initiated. In the present study, the activity of
catalase (CAT) was shown to be significantly induced in all rice cultivars (in both Pb-tolerant
and -sensitive rice cultivars) as a result of Pb treatment (Figure 3A). Generally, an increase
in CAT activity is expected to play a role in lowering ROS overaccumulation, particularly
H2O2. Here, we observed that the H2O2 accumulation pattern was much pronounced in
Ilmi (0.6 and 1.2 mM Pb), Yasmen, and Amber Barka (Figure 4), which were also identified
as the most sensitive cultivars regarding their phenotypic responses towards Pb stress. In
our recent study, we also observed that CAT activity increased in both drought-tolerant
and -sensitive genotypes when Arabidopsis (a model plant for dicots) plants were exposed
to drought stress [53]. It is therefore believed that CAT activity alone may not be sufficient
to provide the required level of tolerance towards Pb stress. Rather, our study favors the
hypothesis that a coordinated action involving various antioxidant (enzymatic and non-
enzymatic) systems and well-organized signaling cascades would be more beneficial to
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plants in providing the expected degree of tolerance, while tending to maintain a balanced
reduction–oxidation state within the cells. In addition to CAT, the activity of peroxidase
(POD) (Figure 3B) and that of polyphenol oxidase (PPO) increased concomitantly with
an increase in Pb concentration. Furthermore, the Pb-tolerant rice cultivars Tunnae and
Mashkab that exhibited a balanced phenotypic growth and improved tolerance towards Pb
stress showed a significant increase in POD activity. Moreover, Tunnae showed a significant
increase in PPO (Figure 3C) as well as an increase in superoxide dismutase (SOD) activity
(Figure 3D).

Initially, we were expecting to see a reduced accumulation level of superoxide anion
(O2

•–), particularly in Pb-tolerant cultivars, such as Tunnae and Mashkab, with regard
to the increase in SOD activity. Rather, we recorded an increased O2

•– content in both
Pb-tolerant and -sensitive rice cultivars. In higher plants, SOD enzymes act as antioxidants
and protect cellular components from being oxidized by the reactive oxygen species (ROS).
SODs catalyze the conversion of O2

•– into oxygen and hydrogen peroxide (H2O2) [54]. In
the same way, we were expecting to see a high SOD activity concomitant with the increase
in O2

•– generation. Under abiotic or biotic stress conditions, the activity of SOD typically
increases with the degree of the stress. Here, we recorded a contrasting SOD activity,
which did not systematically match the accumulation pattern of O2

•– (Figure 3D,E). It is
said that an overaccumulation of ROS in response to abiotic stress may cause oxidation
of proteins, inhibition of the activity of enzymes, damage to nucleic acids, and induction
of programmed cell death (PCD) that may culminate in cell death [15,55]. We would then
speculate that the observed mismatch between the SOD activity and the accumulation of
O2

•– would be caused by disturbed or reduced catalytic ability of SOD to reduce O2
•– into

H2O2 and H2O. From another perspective, O2
•– has been reported as one of the highly

reactive free radicals that promote oxidative stress, while interacting with nitric oxide (NO)
to generate peroxynitrite (ONOO−) [56]. The recorded significant increase in O2

•– at all
Pb levels and all tested cultivars would indicate the extent of the oxidative stress induced
by Pb treatment. Moreover, the recorded increase in ion leakage would imply that the cell
membrane integrity might have been affected by the Pb treatment (Figure 3F).

To withstand abiotic stresses, plants activate various adaptive response mechanisms
that include the accumulation of solutes as well as proteins, in addition to the enzymatic
antioxidant system. Here, we recorded a significant reduction in total protein content
in all rice cultivars, and at all Pb levels (Figure 5A). Another non-enzymatic antioxidant
acting as an osmoprotectant, which generally accumulates in response to abiotic stress, is
proline, also known as the stress amino acid [57]. Recent studies reported that proline was
differentially accumulated when rice cultivars were exposed to Pb [48] and copper (Cu)
stress [58]. Our data indicated that the accumulation of proline was much higher in the
Pb-tolerant rice cultivars Tunnae and Mashkab under 1.2 mM Pb treatment (Figure 5B),
therefore suggesting a possible role of proline in the adaptive response mechanism towards
Pb stress tolerance in rice.

Many studies have reported a change in the accumulation of photosynthetic pigments,
such as chlorophyll, in response to abiotic stresses [26,58]. Under normal growth conditions
of plants, chlorophylls contribute to nutrition and energy acquisition for plants to complete
their life cycle. Therefore, the recorded reduction in chlorophyll (Figure 6C) would reflect a
disturbed photosynthetic process and energy supply within the cell due to the Pb toxicity,
which in turn would have an effect on the synthesis of soluble sugars. Here, our findings
revealed that the soluble sugars, such as sucrose, glucose, and fructose, were differentially
affected under Pb stress. For instance, we observed a significant increase in sucrose content,
particularly with the 1.2 mM Pb application (Figure 6A). Under the same conditions,
glucose and fructose levels were shown to be significantly reduced (Figure 6B), suggesting
a prevalent role of sucrose over glucose and fructose in the adaptive response mechanism
towards Pb tolerance. Similarly, previous reports revealed a variation in the production of
carbohydrates, a change in the sugar metabolism, and aggregation of various osmolytes in
response to heavy metal stress [59–61].
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It appears that each antioxidant system taken independently may not be enough to
provide the required level of tolerance towards lead (Pb) stress. Rather, all the results
put together suggest that the tolerance to lead (Pb)-induced oxidative stress would be
a consequence of synergetic actions of both enzymatic and non-enzymatic antioxidant
systems within the cell that help maintain a balanced reduction–oxidation state and an
optimum growth and productivity of rice plants.

5. Conclusions

Heavy metals are detrimental to the growth and development of crop plants, as
well as to their productivity. In this study, five rice cultivars originating from different
agro-ecological zones were exposed to gradient lead (Pb) concentrations for 30 days, and
the effects on major agronomic traits, including plant height, number of tillers per plant,
number of panicles per plant, number of spikelets per panicle, length of panicles, and the
biomass dry weight, were examined. The results revealed that out of the five tested rice
cultivars, Tunnae and Mashkab showed a high level of tolerance towards Pb stress. These
cultivars exhibited a balanced plant growth and a reduced effect on their productivity.
In addition, a change in the enzymatic antioxidant activity and differential soluble sugar
accumulation, as well as a reduced chlorophyll content, were recorded. Therefore, all data
put together suggest a possible role of soluble sugars in the adaptive response mechanism
towards lead (Pb) tolerance in rice.
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